The epileptogenic network: the relationship between resting state and pre-spike related perturbations by Faizo, Nahla Lutfi A.
i 
 
 
 
The Epileptogenic network: the relationship between resting state and pre-spike 
related perturbations 
Nahla Lutfi Faizo 
MBBS, MSc 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2015 
Queensland Brain Institute 
 ii 
Abstract 
Mesial Temporal Lobe Epilepsy (MTLE) is the most common symptomatic focal epilepsy, with 
hippocampal sclerosis (HS) representing the most commonly occurring pathology linked to MTLE. 
In the past HS has been understood to represent a focal neuropathological alteration linked to the 
generation of seizures (i.e., the epileptic focus). However, the phenomenon that not all patients 
become seizure-free after surgical resection of the hippocampus has given rise to the concept that 
seizures and interictal epileptiform spikes and sharp waves (IES) captured by 
electroencephalography (EEG) in MTLE result from activity in a functionally connected 
epileptogenic network of brain regions. Large-scale network dynamics may thus be involved in the 
generation of IES and the temporal synchronisation of network structures may be an important 
factor in spike generation. Surgical outcome may be improved by broadening the focus from the 
identification of a single epileptogenic region to the characterisation of temporally synchronous 
epileptogenic networks associated with spikes.  
A common way to identify functional networks is to assess functional connectivity (FC) between 
spatially distinct brain regions. FC measures the degree of covariance between the activity in a 
specific brain region and other areas across the whole brain. The simultaneous acquisition of EEG 
and functional magnetic resonance imaging (fMRI) enables the identification of functional 
networks in which haemodynamic changes are time-locked to spikes. Nevertheless, whether this 
reflects the propagation of neural activity from a ‘focus’, or conversely the activation of a network 
linked to spike generation remains controversial. Delineation of functional connectivity patterns 
related to IES may be useful in shedding light on the mechanisms underlying their generation, and 
potentially of seizures in MTLE. Although the exact physiologic relationship between IES and 
seizures is not fully understood, there is a growing evidence to suggest that the neural network 
involved in generating IES is a reliable estimator of the network that generates seizures.  
My PhD aimed to explore the changes in brain network function that predispose the generation of 
IES using EEG-fMRI in patients with MTLE. I collected EEG-fMRI data from two groups of 
subjects: patients with MTLE and healthy controls.  First, I examined MTLE patients to assess the 
presence of altered functional network connectivity identifiable immediately prior to the appearance 
of interictal spikes on EEG. A fundamental finding was the significant loss of bilateral hippocampal 
FC before the appearance of electrographic spikes. Second, I explored the changes in FC of 
different resting state networks during rest in patients compared to controls and changes in FC in 
relation to IES in MTLE patients. Specifically, I examined the FC of the default mode (DMN), 
salience (SN), and dorsal attentional (DAN) networks and found significant differences between 
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patients and controls in all three networks during rest and prior to spikes. Third, I compared 
morphometric measures of the hippocampus and of anatomical nodes in the resting state networks 
between MTLE patients and controls and investigated their correlation with pre-spike FC patterns. I 
observed structural differences between MTLE patients and controls in the left hippocampus and in 
the major nodes of the DMN, SN, and DAN. Additionally, I found that these structural changes 
strongly correlated with pre-spike FC alterations.  
This project provides novel insights into the brain networks involved in the genesis of IES. 
Examining resting state networks in MTLE may improve identification of altered function within 
the epileptogenic network and lead to better understanding of neural functional organisation in 
patients with MTLE. Findings from this project may have important implications in future studies 
in the area of epilepsy surgery through the recognition of the brain networks crucial for the 
production of spikes and seizures.  
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Chapter One: General introduction and outline 
In this general introduction, an overview of epilepsy is presented. Firstly the pathophysiology and 
classification of epilepsy is reviewed, followed by a brief summary of focal epilepsy, with particular 
attention to mesial temporal lobe epilepsy (MTLE). Following this, the EEG markers of the 
epileptogenic brain, cortical zones involved in seizure generation and propagation, and the concept 
of an epileptogenic network are discussed. Finally, the use of functional connectivity analyses to 
obtain reliable measures of neural networks is discussed. The introduction concludes with the aims 
of this thesis and an overview of the following chapters. 
1.1 Introduction to epilepsy 
Epilepsy is one of the most common serious neurological diseases. Today, it affects 50 million 
people globally (Kramer and Cash, 2012, Wyllie, 2006, WHO, 2012) including 230,000 
Australians. The mortality rate in people with epilepsy is 2-3 times higher than in the general 
population. The increase in mortality may be related to the underlying cause of the disease (e.g. 
tumours), to the presence of seizures themselves (e.g. sudden unexpected death in epilepsy), or 
indirectly related to seizures through incidents such as accidents or drowning. The burden of disease 
extends beyond the health condition. People living with epilepsy often experience psychosocial 
distress, drastically impairing quality of life. 
Epilepsy is defined by the occurrence of recurrent unprovoked seizures which are the consequence 
of gross disturbances in neuronal activity (Blume et al., 2001b). The primary diagnosis of epilepsy 
is based on a clinical history of seizures and is corroborated by evidence of abnormal electrical 
discharges in the brain recorded with EEG. A clinical distinction is made between epileptic seizures 
and non-epileptic seizures, which may mimic the behavioural features of an epileptic seizure but are 
not associated with the pattern of abnormal neuronal firing seen in epileptic seizures (Miller, 2014).  
While in many cases the cause of epilepsy is unknown, in some patients there is an identifiable 
precipitating brain insult such as head trauma, stroke, or infection, which is thought to initiate 
epileptogenesis, the process by which a brain with normal excitability becomes hyperexcitable and 
therefore capable of producing epileptic seizures (Pitkanen and Lukasiuk, 2009).  
1.2 Pathophysiology of epilepsy 
At the cellular level, hyperexcitability and hypersynchrony are the two hallmarks of the epileptic 
brain. Hyperexcitability reflects the increased likelihood of neurons being activated by synaptic 
input (El-Hassar et al., 2007). Hypersynchrony refers to the tendency for a group of neurons to have 
an abnormally coherent temporal firing pattern (Miller, 2014). Hyperexcitability and 
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hypersynchrony reflect a disturbance in the normal balance between the excitatory and inhibitory 
neuronal mechanisms that regulate neural firing in the healthy brain. These changes are likely 
linked to brain plasticity in epilepsy with underlying alterations in neural structure such as axonal 
sprouting, synaptic reorganization, neurogenesis and gliosis (Engelborghs et al., 2000). Linked 
changes at the cellular level may lead to alterations in the large-scale network properties of the 
brain, i.e. alterations in the function of neural networks (Spencer, 2002, Richardson, 2012).  
1.3 Classification of Epilepsy 
1.3.1 Overview 
Electroclinically, the epilepsy syndromes can be broadly classified into three main groups: focal, 
generalised and unknown (Panayiotopoulos, 2012, Miller, 2014). The term focal epilepsy indicates 
that seizures arise from a localised region in the brain (i.e. are focal seizures, also known as partial 
seizures, Table 1.1). Focal epilepsies account for 60% of all epilepsies. Generalised epilepsy is 
applied to the group of disorders in which seizures involve the entire brain from the onset (i.e. are 
generalised seizures). In clinical practice, distinguishing between the focal and generalised 
syndromes is essential as it helps to determine possible aetiologies and may provide guidance for 
medical and surgical treatment (Riviello, 2003).  
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Table 1.1 
Classification of epileptic seizure by International League Against Epilepsy in 
1981. 
1. Generalised 
      Tonic-clonic 
      Absence 
      Myoclonic 
      Clonic 
      Tonic 
      Atonic 
2. Partial 
      Complex 
      Simple 
3. Unclassified  
 
1.3.2  Focal epilepsy 
1.3.2.1 Focal seizures: old and new terminology 
The previous classification of the International League against Epilepsy (ILAE) Commission on 
Classification and Terminology 1981 divides focal or partial seizures into two main categories: 
simple partial and complex partial seizures. In simple partial seizures, consciousness is preserved 
during attacks. Complex partial seizures are associated with loss of consciousness. In a recent 
revision of the terminology (Lowenstein, 2011), focal seizures are classified into those with and 
without cognitive impairment or dyscognition. The former are equivalent to simple partial seizures 
and the latter to complex partial seizures. 
1.3.2.2 Focal seizures: semiology and propagation 
The semiology of a focal seizure depends on its site of origin within the brain with characteristic 
features being associated with seizures originating in each of the four lobes of the brain (frontal, 
temporal, parietal and occipital) (O'Brien et al., 2008). Temporal lobe seizures have a gradual onset 
that may last over one minute, a longer duration of seizure and long post-ictal period than extra-
temporal lobe seizures (Diehl, 2011). Seizures originating from the temporal lobe commonly 
present with an initial motionless stare. Automatisms occur in 40-80% of patients in the form of 
stereotyped oral automatisms (lip smacking, chewing), manual automatisms (fumbling, picking, 
fidgeting) and less commonly vocalization and ictal speech (Pascual, 2007). Temporal lobe seizures 
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may also be associated with behavioural automatisms such as crying, laughing and motor 
behaviours such as ambulation. Secondary generalisation occurs in 60% of patients with TLE 
(Kotagal et al., 1995). Post-ictally, gradual recovery of awareness occurs often following a period of 
confusion.  
Seizures arising from the frontal lobe occur in 30% of patients with focal epilepsy. Frontal lobe 
epilepsy is the second most common type of epilepsy after temporal lobe epilepsy (Jehi and 
Kotagal, 2006). These seizures are characterised by brief duration (lasting < 30 seconds) with 
abrupt onset, occurrence in clusters (many times during the day) and minimal post-ictal confusion; 
they are associated with loss of consciousness in 50% of patients.  Frontal lobe seizures are often 
stereotyped for each patient and are commonly associated with motor automatisms of the lower 
extremities (pedalling or bicycling) and vocalisation (Rudzinski and Shih, 2010). However the 
semiology of some seizures arising from the frontal lobes may be similar to that of temporal lobe 
seizures (O'Brien et al., 2008). Clinical features that help to distinguish frontal lobe seizures from 
temporal lobe seizures include the tendency for frontal lobe seizures to occur during sleep 
(Sammaritano, 2001). In parietal lobe epilepsy, seizures are often without loss of awareness and 
present with initial sensory phenomena such as numbness, tingling, or a feeling of distorted body 
posture. Parietal lobe seizures may be painful, described as stabbing, intense, or dull pain in the 
affected body site. Compared to the temporal and frontal lobes, the occipital lobe is a relatively 
uncommon site of origin for seizures (Williamson et al., 1992, Taylor et al., 2003). The classical 
hallmark of occipital lobe seizures is visual phenomena, which occur in 50% of patients. These may 
include visual hallucinations, eye flickering, rapid blinking, coloured flashing lights or even 
temporary blindness (Alarcón, 2012). However, in about 50% of cases with occipital lobe epilepsy, 
seizures begin in the occipital lobe but rapidly propagate to the temporal or frontal lobes resulting in 
semiological features associated with temporal or frontal lobe seizures (Binder et al., 2008, 
Williamson et al., 1992); this may make the diagnosis of occipital lobe seizures challenging. 
As noted in the preceding paragraph, spatially, focal seizures may remain confined to the region of 
seizure onset or they may propagate to involve additional brain structures (Fisch, 2010). As 
described for occipital seizures, propagation will also influence seizure semiology (Britton, 2012). 
Propagation can occur locally to adjacent structures within the same lobe, or more distantly to 
ipsilateral and contralateral brain regions. For example, focal seizures arising from the right primary 
hand motor cortex may manifest initially as twitching of the left hand. However, facial twitching 
may occur if the seizure spreads to involve the face motor area. Spread to both cerebral hemispheres 
occurs in secondarily generalised seizures with tonic-clonic convulsions. These may be difficult to 
distinguish from primary generalised seizures, since the features of the focal seizure at onset may be 
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subtle and difficult to disentangle from the more dramatic generalised convulsion. The wide range 
of clinical presentations of seizures, and the possibility of seizure propagation can make the 
identification of the seizure onset zone an enormous challenge.  
1.3.2.3 EEG markers of focal epilepsy 
Although the diagnosis of epilepsy is primarily clinical, findings from EEG recordings may help to 
corroborate the clinical diagnosis. In this section, we briefly describe EEG and patterns of epileptic 
discharges (Figure 1.1, Table 1.2). EEG is widely used as a non-invasive technique for monitoring 
brain function. In epilepsy, in addition to its role in aiding the diagnostic process, EEG recordings is 
a valuable research tool for measuring neural activity. The EEG signal is a representation of the 
electrical activity of cortical neurons in the brain (Refer to Appendix 1). By convention, the human 
EEG signal is characterised by rhythmic activity in a number of frequency bands (Refer to 
Appendix 2). 
In people with epilepsy, EEG abnormalities can be divided into epileptiform and non-epileptiform 
changes. The latter can be associated with epilepsy but are not themselves specific to epilepsy. Non-
epileptiform features include slow waves or attenuation of the EEG (Abou-Khalil and Misulis, 
2006). Slow waves constitute of theta or delta rhythms and spatially may be either focal or diffuse; 
that is, their presence may be restricted to a small number of EEG electrodes close to each other or 
expressed across electrodes in a wide spatial domain. Focal slowing may relate to an underlying 
structural lesions and to post-ictal slowing following a focal seizure (refer to Appendix 3). Focal 
attenuation or reduced amplitude of the EEG background is another non-specific finding that can 
indicate hemispheric dysfunction, for example during the post-ictal state.  
Two EEG events are considered as electrophysiological markers of the epileptogenic brain: seizures 
and interictal discharges. Subclinical seizures are detectable only from EEG recordings (Wyllie, 
2011, Miller, 2014). Ictal EEG discharges in focal epilepsy provide evidence of synchronized, 
abnormal neuronal firing generally with evolution in the frequency and amplitude of rhythmic 
activity over time. Scalp EEG can spatially localize the lobe of seizure onset in 25-66% of seizures. 
(Foldvary et al., 2001). The spatial pattern of the ictal EEG is dependent on the lobe of origin and 
the rapidity and sites of seizure propagation. Because of rapid propagation, on scalp EEG 
recordings some focal seizures appear broadly over one hemisphere or may be bilateral from the 
start.  
The second electrophysiological biomarker of epilepsy is the interictal epileptic discharge. These 
are distinctive waves or complexes that can be distinguished in frequency, amplitude and sharpness 
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from the baseline or background EEG; they appear as abrupt changes with negative polarity.  
Several types of interictal epileptic discharge have been defined including spikes, sharp waves, and 
combinations of spikes or sharp waves with subsequent slow waves (Binnie, 1996, Noachtar and 
Remi, 2009). The duration of interictal spikes is 20-70 milliseconds (ms) whereas that of interictal 
sharp waves is 70-200 ms (de Curtis and Avanzini, 2001). As their name indicates, interictal 
discharges occur in the period between seizures, (the interictal state); they are not associated with 
clinical symptoms. Initial scalp EEG shows interictal discharges in 50% of patients after the first 
seizure (Abou-Khalil and Misulis, 2005), with a diagnostic yield of up to 90% with two or more 
recordings. However, interictal discharges arising from deep brain structures such as the 
hippocampus may not be visible on surface EEG recordings. Consistent with terminology 
commonly employed by electroencephalographers, in this thesis I will refer to all interictal 
discharges as IES (interictal epileptiform spikes / sharp waves) (Niedermeyer, 1997). Although IES 
do not always arise from the vicinity of the region producing seizures, IES in TLE patients have 
more than 90% chance of lateralising the side of seizure origin (Blume et al., 2001a).  
 
 
Table 1.2 
Spectrum of epileptiform discharges. 
Spikes 
Sharp waves 
Spike and sharp wave complexes 
Spike and slow wave complexes 
Sharp and slow wave complexes 
Polyspike complexes 
Polyspike and slow wave complexes 
Multiple sharp wave complexes 
Multiple sharp and slow wave complexes 
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Figure 1.1 EEG waveforms. A) Normal scalp recorded EEG signals. B) Sharp waves. C) 
Example of an inter-ictal spike and wave complex.  
It is well known that the rate of interictal discharges may change prior to the onset of a seizure 
(Sharbrough, 1993). However, the exact relationship between seizures and IES is not yet fully 
understood. The underlying neuronal networks generating these electrophysiological signals overlap 
(Wendling et al., 2012). Previous studies in animal models have demonstrated that IES and seizures 
consist of similar neuronal depolarization but the duration of sustained firing differs. This suggests 
the possibility of similar neuronal mechanisms underlying both IES and seizures (Avoli et al., 
2006). In support of this idea, in post-surgical focal epilepsy patients, seizure control is 
accompanied by a gradual decrease in the frequency of IES (Staley and Dudek, 2006, Falconer and 
Serafetinides, 1963). Furthermore, some antiepileptic medications such as levetiracetam have been 
shown to induce seizure control in parallel with reduced IES frequency.  
1.3.2.4 Focal epilepsy: treatment 
The first line of treatment for focal epilepsy is antiepileptic drugs (AEDs), which are effective in 
controlling seizures in the majority of patients (Wyllie, 2006). However, up to 30% of patients do 
not experience seizure control with AEDs and are considered to be refractory or medically 
intractable when two to three AEDs have failed to control seizures. (Kwan and Brodie, 2000, 
Callaghan et al., 2007, Kelly and Chung, 2011). In these patients, surgical intervention can provide 
a substantial reduction in seizure frequency or complete seizure control. Surgical procedures such as 
amygdalo-hippocampectomy and anterior temporal lobectomy result in such an outcome in 
refractory MTLE (Thom et al., 2010) but up to 30% of patients do not become seizure free after 
these procedures (Harroud et al., 2012).  
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Surgical treatment is considered to be an option if the seizure focus can be identified with 
acceptable confidence and removed without causing any neurological deficit (Rosenow and Luders, 
2001). During presurgical investigation, epileptologists utilise information from seizure semiology, 
EEG recordings and neuroimaging to define the location and boundaries of the seizure focus. A 
useful heuristic has been to differentiate different cortical zones involved in the onset and 
propagation of focal seizures. In this heuristic, the epileptogenic zone is distinguished from five 
other cortical zones comprising the seizure onset zone, the symptomatogenic zone, the irritative 
zone, the functional deficit zone, and the epileptogenic lesion zone (Lüders, 2001). Each of the five 
zones is a more or less accurate indicator of the location and extent of the epileptogenic zone. In the 
next section, I will expand on the discussion of cortical zones. 
1.4 Cortical zones in the epileptic brain  
The concept of cortical zones is important because the chances of successful epilepsy surgery are 
significantly increased when the area from which seizures begin is clearly identified (Gelziniene et 
al., 2008). Luders et al. (2006) defined the epileptogenic zone as the minimal cortical tissue 
required to be resected or disconnected to stop seizures (Luders et al., 2006). The seizure onset zone 
refers to the area of cortex that initiates clinical seizures.  Previously, clinicians and neurosurgeons 
have considered the seizure onset zone and epileptogenic zone to be identical and assumed that 
resection of the seizure onset zone results in seizure control. Thus, for simplicity we will refer to 
both under the same rubric of seizure onset zone. Identification of the seizure onset zone is with 
scalp EEG or invasive recording in which recording electrodes are inserted directly to the brain 
(Rosenow and Luders, 2001). 
The symptomatogenic zone is the part of cortex that produces the ictal symptoms when activated by 
epileptic discharges. It is different from the epileptogenic zone; i.e. seizures may originate in a 
clinically silently brain region and propagate to other regions which produce the observable 
symptoms. Seizure symptomatology and accurate analysis of video EEG recordings before and 
during the ictal state can provide clues to the location of the symptomatogenic zone. For instance, 
an aura of paraesthesia in the fingers of the right hand at the start of a seizure suggests a localised 
symptomatogenic zone in the contralateral primary sensory cortex. Although the epileptogenic and 
the symptomatogenic zones may not necessarily overlap, the symptomatogenic zone may provide 
information regarding the laterality of the epileptogenic zone.    
The irritative zone is the cortical region that generates IES. Consequently, the irritative zone can be 
identified with scalp or invasive EEG, magnetoencephalography (MEG) or spike-triggered 
functional magnetic resonance imaging (fMRI). Typically, the irritative zone is quite large, and 
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often overlaps with the seizure onset zone. However, complete removal of the irritative zone is not 
required for seizure control. 
The functional deficit zone is the area of cortex that demonstrates abnormal function during inter-
ictal periods, for example the anatomical region/s responsible for impaired verbal memory in 
patients with left MTLE. This area is by neurological examination, neuropsychological 
investigation, EEG, interictal positron emission tomography (PET) and single photon emission 
tomography (SPECT). These methods measure different aspects of epileptic dysfunction. For 
example, on interictal fluorodeoxyglucose (FDG) PET scans, patients with MTLE may show 
widespread hypometabolic regions extending beyond the mesial structures that are presumed to 
comprise the seizure onset zone. As a consequence, the functional deficit zone is of only limited 
value for identifying / localising the seizure onset zone.  
The epileptogenic lesion zone is the area of the brain containing the structural lesion responsible for 
seizure initiation. Detection of the epileptogenic lesion relies on imaging methods such as MRI 
(Wyllie, 2010). Some brain lesions detected in people with epilepsy are non-epileptogenic and prior 
to surgical removal of a lesion, the responsibility of the lesion for generating epileptic seizures has 
to be established.  
As can be seen from the above discussion, a network of interacting structures is involved in 
generating seizures, IES, seizure sympotomatology and interictal dysfunction. For this reason, the 
identification of the epileptogenic zone poses a clinical challenge for its precise delineation. 
(Wendling et al., 2010). MTLE was one of the first epileptic syndromes to be studied from the point 
of view of such an epileptogenic network (Pittau et al., 2014, Spencer, 2002). In the next section I 
will provide an overview of MTLE and expand on the concept of the epileptogenic network in 
relation to MTLE. 
 
1.5 Mesial temporal lobe epilepsy 
1.5.1 Overview and neuropathology 
Temporal lobe epilepsy is the most common type of focal epilepsy (Kim et al., 2012, Jackson and 
Kuzniecky, 2004). In MTLE the mesial temporal structures (including hippocampus, 
parahippocampal gyrus and amygdala) are the site of seizure origin. Hippocampal sclerosis (HS) is 
the commonest pathology seen in mesial temporal lobe epilepsy (Panayiotopoulos, 2010, Jefferys, 
1999). However, there is debate as to whether HS is a cause, consequence or both a cause and 
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consequence of MTLE. Although the pathogenesis of HS is not well understood, retrospective 
studies have found that a history of prolonged febrile seizures is present in one third of MTLE 
patients with HS (Maher and McLachlan, 1995, Kelly and Chung, 2011). This suggests a causative 
role for prolonged febrile seizures in HS and consequently, the development of MTLE (Mathern et 
al., 1995). HS is characterised by a distinctive pattern of neuronal loss and gliosis. Loss of the 
pyramidal neurons occurs predominantly in the CA1 hippocampal subfield, and is less prominent in 
CA3 and CA4 (Figure 1). Gliosis occurs in association with neuronal loss and may also play a role 
in seizure generation (Eid et al., 2008). The presence of unilateral HS is an indicator of a positive 
surgical outcome in refractory MTLE patients, but not all patients become seizure free even when 
HS is confirmed on pathological examination.  
 
 
 
Figure 1.2 Hippocampal sclerosis. Neuronal loss in areas CA1, CA3, and CA4, with gliosis. 
A) T2 -weighted MRI image (Bano et al., 2011). B) NeuN stain immunoreactivity (Al Sufiani and 
Ang, 2012).  
 
1.6 The concept of an epileptogenic network in MTLE 
The epileptogenic network is a term used to describe a putative distributed network of brain 
structures that contributes to hyperexcitability and hypersynchrony in the epileptic brain (Wendling 
et al., 2010). According to this concept, epileptic seizures are not caused, in a simple fashion, by a 
single brain area. Instead, according to the concept of the epileptogenic network, the functional 
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interaction between different brain regions is an important feature in the development and 
maintenance of the seizure disorder. In this context, as already identified in the discussion of 
cortical zones in clinical localization, it is important to differentiate between structures that belong 
to networks involved in seizure generation from those involved in the propagation of seizures. 
Evidence from clinical semiology, MRI, PET and intracranial EEG support the presence of an 
epileptogenic network in MTLE. 
1.6.1 Epileptogenic Network: Clinical Semiology and Natural History 
An network of brain structures explains the diverse clinical features of MTLE (Bartolomei et al., 
2013) ranging from seizure phenomenology to interictal disturbances of cognitive function such as 
memory impairment. For example, the illusion of familiarity (déjà vu) is more frequent after 
stimulation of rhinal cortices than of the hippocampus or the amygdala. Furthermore, when 
Intracerebral EEG was used to record from mesial structures, theta wave synchronisation was 
demonstrated between hippocampus and entorhinal cortex in association with déjà vu, suggesting 
activation of a neural network during the déjà vu event (Bartolomei et al., 2013). A study using 
stereo-EEG recordings during humming automatisms in medial temporal seizures showed 
functional synchronisation between superior temporal gyrus and the prefrontal cortex during the 
automatism (Bartolomei et al., 2002). Furthermore, studies of synchronisation between cortical and 
subcortical structures in temporal lobe seizures have shown increased synchronisation between the 
thalamus and parietal cortices associated with loss of awareness (Arthuis et al., 2009). Variability in 
seizure manifestations both between and within patients may reflect differences in seizure 
propagation within epileptogenic networks. For example in a single patient, differences in the 
spread and propagation of activity during different seizure episodes may result in observably 
different signs and symptoms, despite origin in a common seizure onset zone.  
Janszky et al. (2005) compared the surgical outcome in MTLE patients with less than 10 years of 
epilepsy with those with >30 years of the disease (Janszky et al., 2005). Rates of seizure reduction 
and seizure freedom were inversely related to the duration of epilepsy. Patients who had surgical 
resection within 10 years of the onset of the disease showed 90% reduction in seizure frequency, 
whereas patients who had epilepsy for more than 30 years demonstrated 30% reduction in seizure 
frequency. One possible explanation for these findings is that with longer disease duration, more 
brain regions become recruited into the epileptogenic network.  
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1.6.2 Epileptogenic Network: Neuropathology 
Although attention has focussed on HS as the most common pathology in MTLE, HS is often 
accompanied by a range of coexisting pathological changes that  may contribute to seizure 
generation (Cascino, 2005). In animal models of MTLE, neuronal loss has been reported in several 
brain regions including the hippocampus (Tang and Loke, 2010), amygdala (Pitkanen et al., 1998), 
entorhinal cortex (Wozny et al., 2005), subiculum (de Guzman et al., 2006) and thalamus (Wozny et 
al., 2005).  
MRI studies in MTLE have shown structural changes such as volume loss in extra-hippocampal 
structures, such as amygdala, parahippocampus, entorhinal cortex, and extra-temporal gray matter 
such as caudate and thalamus (Cendes, 2005, DeCarli et al., 1998, Bonilha et al., 2005, Bernhardt et 
al., 2013). These findings are supported by histopathological studies of human brain tissue in 
epileptic patients that reveal neuronal loss and synaptic reorganisation outside the hippocampus. 
Anatomical connections and seizure propagation between the hippocampus and these structures 
may explain the pathological abnormalities (Cascino, 2006). Global structural changes may also be 
seen. Lin et al. (2007) have demonstrated extensive neocortical gray matter thinning in MTLE (Lin 
et al., 2007). These data support the presence of a neuropathological changes extending beyond the 
hippocampus in MTLE,  whether these pathological changes induce or are the consequence of 
seizures requires elucidation.  
Occasionally, patients with MTLE have another lesion coexisting with HS, so-called dual 
pathology. Dual pathology has been reported in 5-20% of patients with TLE (Salanova et al., 2004, 
Li et al., 1999). The most common extra-hippocampal pathology encountered in this situation is  
cortical dysplasia, a developmental abnormality (Blumcke et al., 2013, Tassi et al., 2009). Tassi et 
al. (2009) examined post-surgical temporal lobe specimens and found HS in about 50% of 
specimens and cortical dysplasia in ~70% of these cases (Tassi et al., 2009). It is not clear if 
extrahippocampal pathological changes are part of the epileptogenic network. A recent study 
compared post-surgical outcome in groups of patients MTLE with HS only and with HS and 
cortical abnormalities, and found similar surgical outcome in both groups (Al Sufiani and Ang, 
2012).  
1.6.3 Epileptogenic Network: Metabolism  
Metabolic changes in extrahippocampal structures have been described in MTLE (Chassoux et al., 
2004). PET may show abnormal metabolism even in patients without a clear structural abnormality 
on MRI (Ho et al., 1995, Carne et al., 2004, Andersen et al., 1988). Earlier studies using FDG-PET 
demonstrated temporal lobe hypometabolism in MTLE patients, with interictal hypometabolism 
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ipsilateral to the involved temporal lobe, particularly hippocampus in up to 90% of cases (Hong et 
al., 2002). Hypometabolism may occur in the absence of HS. For example, Vinton et al. (2007) 
investigated the influence of FDG-PET hypometabolism on surgical outcome in patients with non-
lesional intractable TLE (Vinton et al., 2007). FDG-PET demonstrated hypometabolism in the 
temporal lobe as well as extra-temporal regions such as the parietal and frontal lobes, the 
cerebellum and the basal ganglia. Resection of a greater proportion of the hypometabolic region 
was associated with better post-surgical outcome. These findings were supported by Choi et al. 
(2003) who examined the relationship between the extent of extra-temporal hypometabolism on 
FGD-PET and the surgical outcome following temporal lobe resection in MTLE. Seizure outcome 
was significantly better in patients with hypometabolism limited to the ipsilateral temporal lobe 
than in those who also had contralateral hypometabolism (Choi et al., 2003). Nelissen et al. (2006) 
found that in patients with unilateral refractory MTLE, temporal hypometabolism was associated 
with ipsilateral frontal lobe hypometabolism and frontal lobe metabolism returned to normal with 
post-operative seizure freedom (Nelissen et al., 2006). This result suggests that interictal 
extratemporal hypometabolism involves abnormal function in an extended network of brain regions 
rather than a fixed structural lesion.  
SPECT is an established neuroimaging technique used in pre-surgical evaluation of patients with 
intractable focal epilepsy (Schwartz and Bonhoeffer, 2001, Van Paesschen et al., 2003). Ictal 
SPECT often shows an increase in cerebral perfusion in the seizure onset zone reflecting the ictal 
increase in neuronal metabolic activity.  The sequence of perfusion changes during mesial temporal 
lobe seizures has been well described in the literature. During seizure, there is initial hyperperfusion 
in the temporal lobe ipsilateral to the seizure focus. In the first two minutes post-ictally, 
hyperperfusion in the ipsilateral mesial temporal structures and hypoperfusion of the ipsilateral 
lateral temporal region is seen. This is followed by hypoperfusion to the entire temporal lobe up to 
15 minutes post-ictally (Duncan et al., 1993, Van Paesschen et al., 2003). The cerebral perfusion 
returns to baseline within 10-30 minutes. Alterations in the perfusion of extra-temporal structures 
have been described during temporal lobe seizures. Early studies described frontal lobe 
hypoperfusion (Rabinowicz et al., 1997) and ipsilateral or contralateral cerebellar hyperperfusion 
(Shin et al., 2001). Van Paesschen et al. (2003) examined a group of MTLE patients with unilateral 
HS and observed ictal hyperperfusion in the ipsilateral mesial temporal structures, and bilateral 
lateral temporal hypoperfusion. Taken together, these studies indicate that ictally and interictally, 
there are functional alterations within a network of temporal and extra-temporal brain regions (Hal 
Blumenfeld et al., 2004). 
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1.6.4 Epileptogenic Network: EEG 
EEG recordings also provide support for the concept of an epileptogenic network in MTLE (Sadler 
and Desbiens, 2000, Bartolomei et al., 2008b). Interictal and ictal scalp and intracranial EEG 
recordings are used to identify the structures involved at seizure onset. Intracranial EEG studies in 
MTLE may reveal an EEG pattern at the time of seizure onset in which ictal discharges commence 
simultaneously in different mesial structures (Spencer and Spencer, 1994). This finding can be 
explained by synchronous activity in different regions of the brain resulting in spatial and temporal 
coherence in EEG activity (Shi et al., 2007).  
Several studies report a strong concordance between the location of IES recorded intracranially and 
the seizure onset zone (Hufnagel et al., 2000). Bilateral IESs are seen in 30% of MTLE patients 
with documented unilateral hippocampal sclerosis (Stuve et al., 2001, Sadler and Desbiens, 2000, 
Walker and Lemieux, 2010). These patients have poorer surgical outcome after anterior temporal 
lobectomy than patients with unilateral IES. 
Variability in the location of IES and of seizure onset between seizures in the same patient may 
reflect the presence of an epileptogenic network, in which different structures involved in that 
network may be capable of initiating seizures and IESs (Sirven et al., 1997, Ebersole and Pacia, 
1996, Dericioglu and Saygi, 2008). This hypothesis is supported by a study by Bartolomei et al. 
(2008) that examined the epileptogenicity of mesial and lateral temporal lobe structures in patients 
with MTLE (Bartolomei et al., 2008a). In that study, the Epileptogenicity Index (EI) was used to 
explore the degree of epileptogenicity of brain structures from which intracranial EEG was 
recorded. The EI reflects the propensity of individual brain structures to generate seizure discharges 
and is based on two parameters that reflect the changes in activity during the transition from the 
pre-ictal to the ictal period. The first parameter is change in EEG from low frequency alpha and 
theta activity to high frequency beta and gamma activity. The second parameter reflects the latency 
from seizure onset to involvement a specific structure. High values of EI were seen in a range of 
mesial temporal lobe structures such as the anterior hippocampus, the entorhinal cortex and the 
temporal pole whereas neocortical structures showed lower values of IE. Extension of 
epileptogenicity beyond mesial temporal structures to areas such as the temporal pole may explain 
the failure of selective procedures such as amygdalo-hippocampectomy (Yasargil et al., 1993).  
Intracranial EEG has revealed that MTLE seizures can originate outside the hippocampus.  For 
example, Cendes et al. (1993) reported a case of MTLE in which seizures originated from the 
nearby sclerotic amygdala (Cendes et al., 1993). Wieser (2000) has also recorded epileptiform 
discharges arising from the amygdala during intracranial EEG recordings in patients with MTLE 
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(Wieser, 2000). Intracranial EEG recording is limited by its invasive nature, and the risk of 
infections and bleeding resulting from surgical implantation (Wong et al., 2009, Fountas and Smith, 
2007). Another disadvantage of intracranial EEG is that it provides information from only a limited 
area of the brain. Simultaneous EEG-fMRI is a non-invasive alternative to intracranial EEG for 
studying the epileptogenic network in focal epilepsy and it is to this technique that I now turn.   
 
1.6.5 Epileptogenic Network: EEG-fMRI 
Many EEG-fMRI studies have investigated the epileptogenic zone and the larger networks involved 
in focal epilepsy (Fahoum et al., 2012, Flanagan et al., 2014). This technique involves both 
functional MRI and scalp EEG recordings performed simultaneously. The timing and duration of 
IES identified on scalp EEG are convolved with the standard haemodynamic response function 
(HRF) to generate an expected haemodynamic response for the fMRI dataset (Refer to Appendix 4). 
The HRF describes the nature of the blood oxygenation level-dependant (BOLD) signal in response 
to neural activity. Typically using BOLD contrast, fMRI changes that are time-locked and indirectly 
coupled to IES are identified (Gotman et al., 2006, Ogawa et al., 1992, Lemieux, 2004). Combining 
EEG and fMRI allows improved spatial and temporal localisation of IES generators by capitalising 
on the excellent temporal resolution of EEG recordings, and on the superior spatial resolution 
afforded by functional MRI. Because of the difficulty of ictal studies, most EEG-fMRI studies 
concentrate on IES in focal epilepsy (Walker and Lemieux, 2010). These have shown BOLD 
responses both in areas co-localising with IES, as well as in other, more distant brain regions within 
the epileptogenic network (Kobayashi et al., 2006, Wiest et al., 2013). In MTLE patients, a common 
pattern of activation in both temporal (specifically ipsilateral hippocampus) and extra-temporal 
structures is observed (Laufs et al., 2007a, Kobayashi et al., 2006, Kobayashi et al., 2009). In a 
group analysis of MTLE patients, Laufs et al. (2007) showed BOLD activation in the hippocampus 
ipsilateral to IES. Kobayashi et al. (2006) showed both activation (increase in the BOLD signal) and 
deactivation (decrease in the BOLD signal) in both temporal and extra-temporal structures with IES 
in MTLE. The most common response was BOLD activation, often bilaterally involving mesial and 
neocortical structures (Kobayashi et al., 2006). Fahoum et al. (2012), also used EEG-fMRI to assess 
the patterns of cortical and subcortical BOLD signal changes coinciding with IES in a group of TLE 
patients (Fahoum et al., 2012). They demonstrated BOLD signal activation in ipsilateral mesial and 
neocortical temporal structures as well as in regions such as the insula and the cerebellum. 
It is not yet clear whether spike-related BOLD changes represent the primary sources of IES or 
reflect propagation within a brain network. Nonetheless, widespread changes identified with EEG-
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fMRI indicate that disturbance of brain function is not limited to a focal region. 
1.6.6 Epileptogenic Network: Pre-spike BOLD changes 
Jacobs et al. (2009) utilized EEG-fMRI to examine BOLD changes prior to spikes, postulating that 
it might yield more precise information about areas generating spikes (Jacobs et al., 2009). In this 
study, delays in the onset of the HRF between -9 to +9 seconds in relation to the spikes were used to 
analyze pre-spike BOLD changes. BOLD signal changes at early time points were recognized and 
remained detectable in later maps. Another study used the same HRF delays of -9 to +9 seconds to 
analyze pre-spike BOLD changes in patients with TLE (Pittau et al., 2011). The time and site of 
pre-spike EEG-fMRI changes were then compared with intracranial EEG recordings from mesial 
temporal structures. On invasive EEG, interictal changes that corresponded to early BOLD changes 
were recognized. Also, the pre-spike BOLD changes were visible and more confined than those in 
spike and post-spike maps. These studies suggest that haemodynamic alterations preceding inter-
ictal spikes may provide better localization of regions involved in spike generation (Jacobs et al., 
2009, Salek-Haddadi et al., 2006, Kobayashi et al., 2006). In addition, pre-spike changes involve a 
network of brain regions suggesting that IES are the product of complex interactions between areas 
within an epileptogenic brain network. Delineation of the interactions in the pre-spike network may 
shed light on the mechanisms that underlie these changes. Functional interactions and network 
identification can be investigated using analysis methods that reveal functional connectivity (FC) 
(Lang et al., 2012). FC approaches are different to spike-related BOLD analyses because FC 
measures the coherence in spontaneous BOLD signal fluctuations between different brain regions  
throughout the fMRI time series. These methods can identify abnormal synchronisation in the pre-
spike period, which may contribute to the generation of IES in MTLE (Rathakrishnan et al., 2010). 
This has the potential to provide insights into the consequences of variation in network function in 
epilepsy. 
1.7 Functional Connectivity 
FC is a statistical measure of the temporal correlation of spontaneous BOLD signals across different 
brain regions (Friston, 1994).  FC analyses are well suited to investigate the functional organisation 
of spatially distinct brain regions within functional networks. The principal assumption in these 
analyses is that temporally correlated activity across a number of brain regions reflects a integrated 
network associated with a specific function. 
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1.7.1 Functional connectivity: the epileptogenic network 
Previous research has demonstrated the potential of FC as a tool for mapping the epileptogenic 
network (Weaver et al., 2013, Stufflebeam et al., 2011). For example, Bettus et al. (2010) tested the 
capability of resting state FC analysis of fMRI data (FC-fMRI) to localise the site of epileptogenic 
network in patients with MTLE (Bettus et al., 2010). Decreased connectivity was observed across 
brain regions ipsilateral to the seizure focus, as identified by seizure semiology, EEG video-
monitoring and structural MRI. Stufflebeam et al. (2011) demonstrated disrupted connectivity 
patterns in regions ipsilateral to and overlapping with the epileptogenic areas identified by invasive 
EEG recording (Stufflebeam SM, 2011). These findings indicate that FC-fMRI may be able to 
identify the epileptogenic network in MTLE.    
1.7.2 Functional connectivity: resting state networks 
FC analyses have been used with fMRI data to examine brain networks involved with specific 
experimental tasks (Bressler and Menon, 2010). However, many years earlier, the FC approach was 
used to assess brain networks during rest (i.e. when subjects are not involved in any tasks - the so-
called “resting state”) (Lowe et al., 1998, Lowe et al., 2000). Biswal et al. (1995) performed the first 
resting state functional connectivity study and showed high functional connectivity between motor 
regions when the subject was not executing a motor task (Biswal et al., 1995). Later, distinct resting 
state networks were defined: the default mode, attention, salience, visual, auditory and motivational 
networks (Peng-Fei Qiao, 2012).  
The default mode network (DMN), one of the most recognised resting state networks, was 
identified by significant connectivity between its principal nodes in the resting state. Its key nodes 
are the prefrontal cortex (PFC), mesial, lateral and inferior parietal cortices, posterior 
cingulate/precuneus (PCC), and the cerebellum (Buckner et al., 2008, Fransson and Marrelec, 
2008). It has been commonly accepted that the resting state function of the DMN is suspended or 
deactivated upon external (tasks) or internal stimulation of the brain. The salience network (SN) is 
another well-recognised resting state network that comprises the bilateral insula and the dorsal 
anterior cingulate cortex, and part of the inferior frontal cortices (Menon and Uddin, 2010, Ham et 
al., 2013). The co-activation of the insula and dACC is reported as ‘core’ for generating behaviour, 
processing salience stimuli and regulation of consciousness. It is also believed that the SN mediates 
the function of other networks, such as the attention network, by switching between competitive 
internal and external stimuli (Menon and Uddin, 2010, Fox et al., 2005). The dorsal attentional 
network (DAN) has been described in many resting state network studies in healthy populations 
(Corbetta & Shulman, 2002; Fox et al., 2006). The dorsal attentional network comprises the 
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intraparietal sulcus (IPS) and the frontal eye field (FEF) bilaterally. The dorsal system is associated 
with mediating attention when voluntary attention is directed to specific stimuli. It is also believed 
that the dorsal attentional network is involved in visual working memory since both IPS and FEF 
are part of the retinotopic organization map. 
The functional connectivity approach has added a new level of sophistication to the study of 
epilepsy by allowing the investigation of involvement of resting state networks in MTLE. Recently, 
FC studies revealed alteration in the activity of several resting state networks involved in mediating 
higher brain functions and not typically linked to epilepsy. Dysfunction of some resting state 
networks in MTLE were postulated as an explanation for interictal cognitive impairment. For 
example, in MTLE, alterations in FC have been described between the DMN and the hippocampus 
during rest  (Pittau et al., 2012, Zhang et al., 2010). Other studies have shown decreased 
connectivity within the DMN simultaneously with emergence of inter-ictal discharges on EEG 
(Kobayashi et al., 2006, Laufs et al., 2007b, Fahoum et al., 2012). These studies indicate that 
involvement of the resting state networks such as the DMN in the generation of IES warrants 
investigation. Involvement of wider networks may also be a reason for surgical failure in some 
patients with MTLE.  
 
1.8 Epileptogenic and resting state networks: structural-functional relation 
In light of the changes in DMN function in MTLE, structural changes in nodes of the DMN have 
been assessed in MTLE patients (Liao et al., 2011). Agreement between functional and structural 
networks were shown by Voets et al. (2012) who found that in a group of patients with MTLE, 
abnormally reduced functional connectivity between the parahippocampus, frontal and temporal 
neocortical areas was associated with abnormal white matter connections between these regions 
(Voets et al., 2012). It is currently unknown whether changes in the epileptogenic and resting state 
networks and their structural substrates are involved in the generation of IES. Studying this is 
important to establish the relevance of resting state network changes to the function of the 
epileptogenic network.  
1.9 Research overview: motivation of the study, aim and significance, research hypotheses 
and questions 
1.9.1 Motivation for the study 
In summary, a review of current literature provides evidence that MTLE is a network disease in 
which brain regions within the network are functionally connected during seizures and IES. 
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Identification of network dynamics preceding spike generation would yield insights into how 
changes in network activity lead to IES. Previous studies have demonstrated that pre-spike BOLD 
changes are more focal than post-spike changes suggesting that haemodynamic alterations 
preceding IES may provide better localization of the network of regions involved in spike 
generation. In addition, resting state network studies in MTLE patients raise the possibility that 
resting state networks interact with the epileptogenic network and may be involved in the 
generation of IES. Finally, agreement between functional connectivity changes and structural 
abnormalities in MTLE have been demonstrated in earlier studies, but it is not known whether the 
structural changes affect functional connectivity disturbances in relation to spike generation.  
1.9.2 Research hypotheses and aims 
The broad aim of this thesis is to understand the mechanisms underlying the genesis of IES in 
patients with MTLE. More specifically, this thesis aims to assess functional connectivity changes 
and their structural correlates to determine: 
1.  Functional connectivity changes immediately prior to the appearance of IES in MTLE 
patients; 
2.  Changes in resting state networks in MTLE and their relationship to altered function within 
networks related to IES; and 
3.  The correlation between functional connectivity changes and changes in brain structure.  
 
In this thesis, I test the following hypotheses: 
1. There is an alteration in functional connectivity immediately prior to the appearance of 
interictal spikes on EEG in MTLE patients 
2. There is an alteration in functional connectivity of DMN, SN and DAN in relation to 
interictal spikes.  
3. There are differences in the volumes and/or thickness of the main nodes of DMN, SN and 
DAN when compared to healthy controls. Furthermore, these structural abnormalities 
correlate with the functional connectivity changes in pre-spike and resting state networks.  
 
These aims were addressed in three major experiments presented in Chapters 3, 4 and 5. Chapter 2 
presents an overview of the experimental approach and methodology common to the set of 
experiments, and Chapter 6 is a general discussion summarising the major experimental findings. 
Chapter 3 addresses the first aim. Here the hippocampus was utilized as a seed region for FC 
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analysis to determine whether there are hippocampal FC changes immediately prior to the 
appearance of IES on EEG. Spike-related activation in the ipsilateral hippocampus was 
demonstrated, as was significant loss of bilateral hippocampal functional connectivity immediately 
before the appearance of IES.  
Chapter 4 addresses the second aim. Using the main nodes in the DMN, SN and DAN, FC changes 
were assessed in relation to interictal spikes in patients with MTLE and during rest compared to 
controls. Decreased connectivity within these resting state networks was observed in the pre-spike 
period. Furthermore, resting state networks were affected during rest in patients compared to 
controls.  
In Chapter 5, the third aim was addressed through the volumetric assessment of brain structures 
including hippocampi and main nodes of resting state networks, and correlation between these 
structural variables and the connectivity changes within a number of networks in relation to IES 
was examined. 
By addressing these three aims, I sought to advance the understanding of mechanisms underlying 
the genesis of IES. In addition, by examining resting state networks in MTLE I aimed to gain 
insights into broader changes in the functional organisation of the brain in patients with MTLE. 
Findings from this study may have future applications in assisting surgical planning through the 
recognition of the brain network regions crucial in producing spikes and seizures.  
  
 21 
Chapter Two: General methodology 
2.1 Introduction 
Ongoing hardware and software developments are rapidly advancing the capability of EEG and 
fMRI to monitor brain function. Recently it became feasible to record both EEG and MR imaging 
simultaneously. This allows for a much richer investigation of neural activity, informed by both 
electrical signalling and blood oxygen level dependent (BOLD) changes reflecting neuronal 
activity. 
In this chapter, a brief introductory background about the basis of combined EEG and fMRI will be 
presented, followed by the methodology of the data acquisition, preprocessing pipeline and analysis 
common to all experiments comprising this thesis is presented. This information is supplementary 
to the methods sections presented in Chapters 3-5.  
2.2 Simultaneous EEG-fMRI 
One of the most exciting advances in neuroimaging and clinical neurophysiology is the ability to 
combine the high temporal resolution of EEG with the great spatial resolution of fMRI to monitor 
brain function. The first human scalp EEG was recorded by Berger 1929 (Bergers, 1929). Since 
then, EEG has become widely used as a non-invasive technique for monitoring brain function. EEG 
recordings are used commonly in clinical settings for diagnosis of epilepsy, as well as in a research 
environment. FMRI was introduced in the early 1990s and is a non-invasive technique that 
measures the brain activity through blood flow changes that correlate with neural activity (Belliveau 
et al., 1991). Refer to Appendices 4,5 and 6 for full description of fMRI and BOLD contrast, 
commencing with a general introduction to magnetic resonance and moving towards a more 
detailed description of fMRI.  
The main objective for this combination is to allow for a much richer investigation of neural 
activity, informed by both electrical signalling and blood oxygen level dependent (BOLD) changes 
reflecting neuronal activity. Using simultaneous EEG-fMRI technique, fMRI acquisition can be 
triggered by epileptic EEG spike to recognize the BOLD signal changes associated with inter-ictal 
spikes. EEG-fMRI have shown its usefulness as a research tool to guide in the pre-surgical 
evaluation of patients with intractable focal epilepsy, in which resection of the brain regions that is 
provoking seizures may be the only effective treatment in such cases. The feasibility of combing 
EEG-fMRI was introduced in these last decades and continuing hardware and software 
developments are rapidly advancing the capability of this technique. 
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2.2.1 MR and EEG Safety  
The simultaneous recording of EEG with fMRI raises important safety and technical issues. These 
challenges are raised due to the interaction between the EEG equipment, the subject and MR 
scanner. Two major concerns are raised when considering simultaneous EEG with fMRI: patient 
safety as well as the quality of the both EEG and fMRI recordings.  
Potential risks from MRI relate to the attraction of ferromagnetic materials in the static magnetic 
field, induced voltages and RF heating. MRI is contraindicated in patients with implanted medical 
devices such as pacemaker and surgical clips in the brain. These objects may induce hazards from 
the magnetic forces that cause displacement of the magnetic materials towards the magnet. The 
magnetically induced forces are accelerated with the increase in static magnetic field intensity, 
material magnetization and mass.  
Another potential harm to the patient can occur by the voltages induced by the movement of the 
electrodes and wires in the main magnetic field, the rapid gradient changes and the application of 
radiofrequency pulses to a conductive loop. Rapid gradient change generates electrical currents that 
if large enough may cause nerve stimulation. Using non-ferrous electrodes, cables and amplifiers 
with current-limiting resistors limits the induction of these harmful currents as well as susceptibility 
artefacts. However, the higher the value of the resistors, the more signal loss and thus, the value of 
the resistors should be chosen to attenuate the induced current and to minimize the signal loss. Other 
measures crucial in limiting the induction of these harmful currents include the use of twisted lead 
configuration, stabilizing the head of the subject inside the MR scanner with vacuum cushions and 
fixing the electrode wires attached to the head with sandbags. Interactions with RF pulses and 
recording devices may induce voltages and have been known to cause heating, burns and, in 
extreme situations, may generate sparks or even fires. There are no specific safety limits for 
simultaneous EEG-fMRI, but it is important to follow the general standard safety limits applied for 
MRI by allowing a maximum permitted brain temperature of 38°C, maximum permitted 
temperature of skin in contact (in this case, EEG electrodes) of 43 C, and maximum permitted 
currents in tissue ranging from 0.5 -10 mA rms (mass unit- root mean square).  
2.2.2 EEG artefacts  
Performing fMRI studies while recording EEG introduces artefacts in the EEG signal. These 
artefacts arise from both the rapid switching of magnetic gradients, or from any movement within 
the static magnetic field B0. The rapid switching of magnetic gradients is essential for MRI image 
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formation. However it also introduces large EEG artefacts that obliterate normal EEG traces, as 
shown in Figure 2.1, as the voltage generated by gradient switching is higher than the human EEG 
signals in amplitude (Hamandi et al., 2004). For the purpose of gradient artefact removal, placing 
the amplifier in the scanner with short cables from the electrodes to the amplifier (which are 
connected to the recording computer outside the scanner) lower the induced noise.  Additionally, it 
is necessary to ensure that the gradient artefacts sampled by the EEG is synchronised to MR image 
acquisition (Mullinger et al., 2011). This synchronisation is important for successful gradient 
artefact removal using averaging and subtraction algorithms. Multiple algorithms using different 
software packages have been proposed to remove gradient artefacts (Allen et al., 2000, Benar et al., 
2003). Average waveform subtraction is a popular way, which averages the artefact waveform over 
fixed epochs and then subtracts it from the EEG data (Allen et al., 2000). However, as the 
waveform of the artefact varies with time, the effectiveness of this method declines (Negishi et al., 
2004). This is caused by non-synchronised EEG and fMRI acquisition and mechanical vibration 
during gradient switching. Synchronised acquisition reduces the jittering with each TR and fixes the 
number of sampling points in the EEG data with each fMRI pulse. 
 
Figure 2.1 Example of a gradient artefact in an EEG trace obliterating the EEG signal 
during EEG-fMRI acquisition.  
B0-related artefacts are due to head, electrode and cable movements, which can be minimised by 
head cushions and sandbags. The cardiac pulse within the MR scanner introduces a type of 
movement artefact called Ballistocardiogram (BCG) (Allen et al., 1998). BCG artefact is due to 
contraction and relaxation of the scalp arteries and to a lesser extent to the change in the speed of 
the blood flow within the arteries (Nakamura et al., 2006). This movement includes frequencies on 
the order of the EEG frequency, and it is shown as regular discharge on EEG, which can be easily 
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identified. These artefacts can be removed by averaging and creating an artefact template followed 
by subtraction. Independent component analysis (ICA) is another way to remove EEG artefacts. 
ICA is a statistical approach that separates the different sources of the EEG signal into spatial and 
time components (Niazy et al., 2005, Briselli et al., 2006, Mantini et al., 2007a). ICA components 
that correspond to BCG or other noisy artefacts (such as scanner drift, motion, etc) are removed 
from the EEG signal. After removing all artefacts, the final EEG signal becomes readable (Figure 
2.2).   
 
Figure 2.2 Final EEG trace after removing gradient, BCG and motion artefacts.  
2.2.3 fMRI artefacts 
The main causes of degradation of the fMRI images during simultaneous EEG-fMRI imaging are 
susceptibility artefacts. These artefacts occur due to the presence of any conductive medium close 
to the subject’s head (such as electrodes, gel, leads), which can lead to image degradation by signal 
loss due to susceptibility differences, induced eddy currents and electromagnetic noise induced 
from the EEG recording equipment. Functional MRI image artefacts can be limited by using 
shielded equipment inside the MR scanner.  
2.3 Data acquisition 
The following sections are dedicated to a description of the methods used in the study comprising 
this thesis. This includes the participants, a description of the EEG and fMRI data acquisition, the 
pipeline for preprocessing EEG and fMRI data and the statistical analyses. This information is 
supplementary to the specific methods sections presented in Chapters 3-5. This study was approved 
by the Human Research Ethics Committee (HREC) at the Royal Brisbane Women’s Hospital 
 25 
(RBWH), the Medical Research Ethics Committee (MREC), and the Centre for Advanced Imaging 
(CAI) at the University of Queensland.  
2.3.1 Subjects 
For the three experiments within this thesis, fifteen patients (9 females, mean age: 38 years; 6 
males, mean age: 42 years) with MTLE (10 left and 5 right lateralized) and 15 age and gender-
matched healthy controls participated in the study.  
Group 1: Patients with the diagnosis of MTLE 
a. Inclusion criteria 
1. Seizure semiology consistent with clinically diagnosed MTLE.  
2. Inter-ictal spikes confirmed during in-patient video-EEG monitoring performed within the 
last year 
3. MRI scans consistent with a temporal lobe focus (no lesion or ipsilateral hippocampal 
sclerosis). 
b. Exclusion criteria 
1. Absence of inter-ictal spikes during monitoring,  
2. The presence of metal implants, claustrophobia or pregnancy.  
Patients were recruited from the Royal Brisbane and Women’s Hospital Epilepsy clinic. All patients 
underwent comprehensive clinical assessment. The clinical details and spike distributions are 
summarised in Table 2.1. All EEG-fMRI experiments were conducted at the Centre for Advanced 
Imaging, the University of Queensland.  
Group 2: Healthy controls 
Age and gender matched neurologically intact subjects were healthy participants, recruited via the 
University of Queensland Human Research volunteer scheme. Healthy controls were screened for 
current or previous brain injury, neurological, or psychiatric disorders. All subjects filled out a 
questionnare and gave informed consent. Data from controls were obtained for comparison 
purposes in the functional connectivity analysis. All controls underwent resting state fMRI without 
EEG recording, conducted at the Centre for Advanced Imaging, the University of Queensland.  
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Table 2.1 
Summary of the patients’ clinical details and spike distribution. 
Patient 
Lateralization 
of epilepsy 
Age of 
epilepsy 
onset 
Duration 
of the 
disease 
(Years) 
Clinical 
MRI 
Total 
number 
of 
spikes 
across 6 
runs 
AEDs 
1 R 21 12 HS 47 
Levetiracetam, 
Gabapentin, 
Clobazam 
2 L 20 25 N None Levetiracetam 
3 R 14 7 N None 
Levetiracetam, 
Clobazam, 
Valproate 
4 R 21 26 HS 52 
Levetiracetam, 
Carbamazepine, 
Valproate 
5 R 21 2 N None 
Lamotrigine, 
Carbamazepine, 
Valproate 
6 L 30 25 N 50 
Levetiracetam, 
Lamotrigine 
7 L 17 6 N 24 Lamotrigine 
8 R 16 14 HS None 
Levetiracetam, 
Oxacarbazepine, 
Clobazam  
9 L 20 24 N 49 
Levetiracetam, 
Lamotrigine, 
Phenytoin 
10 L 17 3 N 35 
Pregabalin, 
Cabamazepine 
11 L 25 7 N 32 
Lamotrigine, 
Oxacarbazepine, 
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Topiramate 
12 L 23 21 N 54 
Levetiracetam, 
Lacosamide, 
Valproate 
13 R 35 2 N 37 Lacosamide 
14 L 4 55 N 32 
Carbamazepine, 
Phenytoin, 
Clonazepam 
15 L 25 8 N 34 
Carbamazepine, 
Levetiracetam, 
Lamotrigine, 
Valproate 
 
2.3.2 EEG acquisition 
A MR-compatible EEG system from Brain Products (Brain Products, Gilching, Germany) was used 
for this project. The EEG system includes the EEG cap and contains 64-channel EEG silver and 
silver/chloride (Ag/AgCl) electrodes and amplifier, BrainAmp MR (Figure 2.3). The cap electrodes 
are arranged according to the standard international 10:20 system to ensure uniformity and 
consistency of recordings between different sites, and to maintain constant relation between the 
electrodes and underlying cortical surface. 
The setup of the EEG cap was performed in a testing room outside the scanner. The cap was placed 
on subject’s head, ensuring that Cz should be centered halfway between nasion and inion. Using a 
wooden end of a Q-tip to separate the hair and the cotton dip soaked with alcohol for cleansing the 
scalp. All electrodes were filled with conductive non-abrasive gel (chloride 10%). The aim of using 
conductive gel is to reduce the impedance, which represents the resistance to the flow of current 
between the scalp and electrodes. Impedance was maintained below 5KOhms in each electrode. The 
ECG electrode was placed over the left side of the chest with impedance not more than 10KOhms. 
The aim of using the ECG electrode was to ensure the participant’s well being, and to use the QRS 
complex to remove pulse artefacts from the EEG trace. 
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Figure 2.3 EEG cap set-up.  
EEG traces were recorded using Brain Vision recorder software version 1.20.0001 (Brain products 
GmbH, Munich, Germany). A sampling rate, referring to the rate at which waveform EEG data is 
sampled, was set to 5000Hz for the entirety of the EEG recording. Sampling rate is ideally set to be 
at least 3 times higher than the frequency of interest. The EEG recording was displayed as 
referential montage, which shows the difference between each electrode and the reference electrode. 
Once the EEG was setup, the participant was moved to the 3 T scanner.   
2.3.3 fMRI acquisition 
All structural and functional MR data were acquired using a 3T Siemens Magnetom Trio scanner 
(Erlangen, Germany). A twelve-channel head coil was used to acquire the images and head pads 
were used to minimize head movements during the scan. For the functional images, the imaging 
protocol included T2*-weighted single-shot gradient-echo echo planar images (GE-EPI) with the 
parameters: TR = 2.5 seconds; TE = 30 milliseconds; flip angle = 90o; field of view (FOV) = 
210mm; matrix = 64 x 64; slice thickness = 3.3 mm, 3.3 mm isotropic voxels, 36 slices with whole-
brain coverage. For the anatomical images, a T1-weighted three-dimensional (3D) segmented 
magnetization-prepared rapid acquisition with a gradient echo (MP-RAGE) sequence that covered 
the whole brain was used with the parameters: 192 slices, TR = 1900 ms, TE = 2.13 ms, flip angle = 
9o, matrix = 192 x 256 x 256, and 0.9 mm isotropic voxels. MP-RAGE provides high quality 
images and good contrast between different tissue types. Because fMRI provides images with a low 
spatial resolution and poor anatomical delineation, the BOLD results and functional connectivity 
information were overlaid onto the 3D anatomical MR images. EEG-fMRI data were collected in 
six runs, with each functional run lasting 5:05 minutes. Total acquisition time for the anatomical 
images was 4:35 minutes.  
 29 
2.4 Data preprocessing  
2.4.1 EEG preprocessing 
All EEG preprocessing and filtering was performed offline using EEGLAB software 
(http://www.sccn.ucsd.edu/eeglab/, Salk Institute, La Jolla, CA)(Delorme and Makeig 2004). 
Gradient artefacts were removed using a FMRI Artefact Slice Template Removal (FASTR) 
algorithm (Niazy et al. 2005, Negishi et al. 2004). Low pass filter cut-off frequency of 70Hz was 
used to remove the high frequency noise (G. Garreffa and P. Morasso, 2003). To remove the low 
frequency movement artefacts, a high pass filter with a cut off frequency of 1 Hz was used. A notch 
filter band of (45-55Hz) was used to remove the frequency band of the power line noise of 50Hz 
(Grouiller et al., 2007). An up-sampling factor of 10 and an average window length of 30 were used 
to correctly approximate and remove the artefact. Slice-based triggering was used to import the 
timing of the artefact into the EEG data. The sampling rate was then reduced to 256 to save memory 
and to avoid crashing during further processing. From the four principal components of the cardiac 
cycle (P, QRS complexes, T and U waves), an optimal basis set was modeled to define the 
variations in the pulse artefact and create a template that was then subtracted from the EEG data. 
Residual artefacts were removed using ICA.   
2.4.2 fMRI pre-processing  
Preprocessing of the fMRI raw images was carried out using SPM8 (Wellcome Trust Centre for 
Neuro-imaging, London, UK), implemented in MATLAB (Mathworks, Sherborne, MA, USA). 
First, the raw DICOM images were imported and converted to the NIFTI format. The objective of 
preprocessing is to remove the variance within and between individuals’ brains to validate 
assumptions for group analysis (Smith, 2004). The preprocessing steps include slice-timing 
correction, realignment for motion correction, coregistration between functional and anatomical 
images, normalisation to a template and spatial smoothing.  
Slice-timing correction was applied to ensure that each slice matches the same point in time during 
the TR. The slices were acquired in an inter-leaved fashion, therefore it was important to use 
temporal interpolation aligned to a mid-slice in the acquisition (Sladky et al., 2011). Motion artefact 
has a major impact on the quality of the fMRI images, even with minor movement. Hence, it was 
important to ensure subject’s head immobilisation while scanning. However, minimal head motion 
is unavoidable and image realignment is required to estimate and correct for movement-induced 
variance. The time-series of images acquired in the same run were realigned using the least squares 
method and a rigid body spatial transformation. This method searches for the best alignment 
between a target and a source image. Then, rigid body transformation is performed using 6 
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parameters (translation, rotation) in order to estimate the realignment parameters between the 
images (Friston, 1995b). Once the matching process is completed and the realignment parameters 
are specified, the image is reconstructed to generate voxel’s measures for motion correction (Friston 
et al., 1996).  
Following realignment, the functional EPI images were co-registered to the individual’s anatomical 
image. Because each individual has a different brain structure, it was important to perform non-
linear normalization in order to align each individual brain to a standard template, which was the 
Montreal Neurological Institute (MNI) brain template. The Unified Segmentation Algorithm 
(Ashburner and Friston, 2005) was used for normalization. The final preprocessing step was spatial 
smoothing. In this procedure, each data point is averaged with neighbouring voxels. This process is 
employed by convolving fMRI images with a Gaussian smoothing kernel, which is defined as full 
width of Gaussian curve at half its maximum (FWHM). The value employed in the current study 
was 8 mm FWHM, which is ~3 times the voxel’s size. This was used to recover residual between-
subject differences not corrected for in normalization, which maximizes the overlapping BOLD 
effect. In addition, it increases the validity of statistical assumptions used for multiple comparisons 
and improves SNR. 
2.5 Data Analysis 
fMRI analysis in this thesis was mainly conducted using Partial Least Square (PLS) software 
(McIntosh and Lobaugh, 2004, Krishnan et al., 2011). PLS is a multivariate approach and has many 
advantages over the well-known univariate linear regression (e.g. SPM) (Habeck et al., 2010). PLS 
can be used to evaluate correlation/covariance of activation across brain regions, rather than voxel-
by-voxel basis. It facilitates allocation of distributed brain regions in relation to task (task PLS), 
behavioural performance (behaviour PLS), or activity within a certain seed region (seed PLS). In 
addition, it has the ability to robustly handle more descriptor variables and multiple biological 
results, while providing more predictive accuracy and low risk of chance correlation. In brief, PLS 
utilises singular value decomposition (SVD) of a single matrix comprising all participants’ data to 
generate latent variables (LVs) that explain the covariance in the data. Each LV is composed of: 
singular image of brain saliences (the brain image that best reveals the correlation of the task or 
behaviour changes across conditions), design saliences (a set of weights that reflect the relationship 
between brain activity in a singular brain image and each of the conditions), and singular value (the 
amount of covariance emphasised by the LV). For each LV in each condition, brain scores are 
estimated by multiplying each voxel’s salience by the normalised BOLD signal intensity measure in 
the voxel, and summing these values across all brain voxels for each subject. Thus, brain scores 
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basically represent the weighted average of each voxel’s contribution to the specific pattern of 
connectivity. Statistical significance is assessed using a permutation test and bootstrap estimation of 
standard errors for the brain (voxel) saliences. Permutation tests determine the significance of the 
LV by resampling the singular value with subjects being randomly rearranged (without 
replacement) to different conditions. Bootstrap resampling assesses statistical significance by 
resampling the voxel saliences with replacement of subjects but maintained assignment of subjects 
to conditions. Resampling with 100 bootstrap steps is satisfactory to estimate standard error of the 
voxel weights/saliences (bootstrap ratio or BSR) for each LV. Peak voxels above BSR of 3 (i.e., p < 
0.002) are considered reliable. In PLS, correction for multiple comparisons is not a required step 
because the extractions of brain saliences are calculated in a single mathematical step across the 
entire brain.  
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Chapter Three: Identification of pre-spike network in patients with 
mesial temporal lobe epilepsy 
The content of Chapter 3 has been published in the Frontiers in Neurology under the same title. The 
content presented here has not been altered from the published manuscript, although some minor 
modifications have been made to fit the format of the thesis.  
3.1 Introduction  
Mesial Temporal Lobe Epilepsy (MTLE) is the most common symptomatic focal epilepsy and is 
frequently associated with hippocampal sclerosis (HS), i.e. neuronal cell loss and gliosis of the 
hippocampus (Serrano-Castro, Sanchez-Alvarez, and Garcia-Gomez 1998, Blumcke 2009). While 
HS has been understood to represent a focal neuro-pathological alteration linked to the generation 
of seizures (i.e., the epileptogenic focus) (Jackson 2004), not all patients become seizure-free after 
surgical resection of the hippocampus (Janszky et al. 2005). Hence, the concept of the epileptogenic 
focus has been revised to incorporate the involvement of an ‘epileptogenic network’ of brain 
regions, in which the hippocampus is a key component (Wendling et al. 2010).  
Epileptogenic networks have been explored via single photon emission computed tomography 
(SPECT) (Andersen et al. 1988), positron emission tomography (PET) (Carne et al. 2004), and 
simultaneous electroencephalography (EEG) and functional magnetic resonance imaging (EEG-
fMRI) (Kobayashi et al. 2006). Of these, EEG-fMRI has the potential to be the most informative, as 
it is able to provide highly spatially resolved 3-dimensional maps of brain activation (fMRI), which 
can be linked to inter-ictal electrical discharges seen on EEG. EEG-fMRI studies in MTLE patients 
have demonstrated widespread activation and deactivation in temporal lobe structures, particularly 
in the hippocampus ipsilateral to scalp recorded inter-ictal spikes, as well as in extra-temporal 
regions (Kobayashi et al. 2009, Laufs et al. 2007). Perhaps more importantly, EEG-fMRI findings 
have also demonstrated hemodynamic alterations that occur immediately prior to inter-ictal spikes 
(Hawco et al. 2007, Rathakrishnan et al. 2010). These pre-spike BOLD changes were reported by 
Jacob et al. (2009) to be more focal than spike-triggered alterations reported by Kobayashi et al. 
(2006) and Haddadi et al. (2006), suggesting that hemodynamic alterations preceding inter-ictal 
spikes may provide better localization of regions involved in spike generation (Jacobs et al. 2009, 
Salek-Haddadi et al. 2006, Kobayashi et al. 2006).  
A common way to identify functional brain networks is to assess functional connectivity (FC) 
between spatially separated regions. FC measures the degree of covariance between the activity in a 
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specific brain region and other areas across the whole brain. In MTLE, decreased functional 
connectivity in ipsilateral mesial temporal lobe networks and increased contralateral compensatory 
connectivity during the inter-ictal state have been reported (Morgan, Gore, and Abou-Khalil 2010, 
Waites et al. 2006). Delineation of functional connectivity patterns related to inter-ictal spikes may 
be useful in shedding light on the mechanisms that underlie these changes, and potentially MTLE 
seizures. Although the exact physiologic relationship between inter-ictal spikes and seizures are not 
fully understood (Gotman 1991, Avoli, Biagini, and de Curtis 2006), there is a growing evidence 
that the neural network involved in generating inter-ictal spikes is a reliable estimator of the 
network that generates seizures (Janszky et al. 2001, Hufnagel et al. 2000, Marsh et al. 2010). The 
aim of this study was to use EEG-fMRI to investigate functional connectivity changes immediately 
prior to the appearance of inter-ictal spikes on EEG in MTLE patients. 
3.2 Methods 
3.2.1 Participants 
Chapter 2 (section 2.3.1) outline the details of subjects participated in this study. In brief, fifteen 
MTLE patients (9 females and 6 males) and fifteen age and gender matched healthy controls 
participated in this study. All participants gave signed informed consent form approved by the 
Human Research Ethics Committee (HREC) at the Royal Brisbane Women’s Hospital (RBWH) and 
the Centre for Advanced Imaging, the University of Queensland  
All patients underwent comprehensive clinical assessment and the diagnosis of MTLE was based on 
the following: a) seizure semiology consistent with MTLE b) inter-ictal spikes confirmed during in-
patient video-EEG monitoring performed within the last year, and c) MRI scan consistent with a 
temporal lobe focus (no lesion or ipsilateral hippocampal sclerosis). Only one patient had been free 
of seizures for 6 months and recurrent seizures occurred in the remainder. All EEG-fMRI 
recordings were acquired during the inter-ictal state. Healthy controls were screened for current or 
previous brain injury, neurological, or psychiatric disorders.  
3.2.2 Procedure 
Detailed description about the study procedure is presented in chapter 2 (section 2.3.2). In short, an 
MRI compatible 64-channel electrode cap was positioned on patients’ heads according to the 
international 10:20 system. During the simultaneous EEG-fMRI recording, patients were instructed 
to remain still, awake, and relaxed with their eyes closed. Healthy control participants underwent 
only resting state fMRI without the EEG recording.  
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3.2.3 EEG Data Acquisition and Preprocessing 
EEG data acquisition and preprocessing is described in details in chapter 2 (sections 2.3.2 and 
2.4.1). Briefly, EEG was acquired with an MR-compatible 64-Channel EEG system (Brain 
Products, Gilching, Germany). After recording, EEG datasets were preprocessed using EEGLAB 
software (Delorme and Makeig 2004). An expert neurologist then reviewed the preprocessed EEG 
records to identify inter-ictal spikes. Three out of the fifteen patients did not show any spikes 
throughout the recording, and the EEG of one other patient contained movement artefacts. These 
data were not included in further analysis. 
3.2.4 fMRI Data Acquisition and Preprocessing 
fMRI data acquisition and preproceesing pipeline are detailed in chapter 2 (sections 2.3.3, 2.4.2). In 
short, EEG-fMRI data were collected using 3T Siemens Magnetom Trio scanner in six runs. MRI 
preprocessing was conducted using SPM8 (Wellcome Trust Centre for Neuroimaging, London, 
UK), in Matlab (Mathworks, Sherborne, MA, USA) 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).  
3.2.5 fMRI Analysis 
fMRI analysis was conducted in four steps, using Partial Least Square (PLS) software (refer to 
section 2.5 for more details)(McIntosh and Lobaugh 2004, Krishnan et al. 2011). First, event-related 
analysis was used to identify activation in mesial temporal lobe, and, in particular, in the 
hippocampus ipsilateral to the seizure focus. Second, we examined the time-course of activity 
within the hippocampal region. Third, we examined the functional connectivity of the peak voxel in 
this cluster to delineate large-scale networks during the spike, pre-spike, and rest periods. Finally, 
we tested whether the functional connectivity maps from the previous analysis were correlated with 
seizure recency i.e. time from the last seizure. The three 10s periods/conditions were defined 
relative to spike onset on EEG: spike (0s to 10s), pre-spike (-10s to 0s) and rest (i.e. baseline) (-20s 
to -10s, with no previous spikes in the preceding 45s). This time window was chosen because the 
hemodynamic response function returns to baseline 25 seconds after a single burst of neural activity 
(i.e. the inter-ictal spike). Our study was designed to examine short-term changes in connectivity, 
and was based on previous findings that pre-spike BOLD signal alterations are evident up to 9 
seconds before inter-ictal spikes (Jacobs et al. 2009, Pittau et al. 2011). On this basis, we selected 
the interval between 25 seconds after a spike and 10 seconds before the next spike as baseline. A 
total of 186 spike onsets were included in the analysis. Images from right TLE patients were flipped 
along the antero-posterior axis, so that in all patients the seizure focus was on the left. Therefore, all 
results were expressed as ipsilateral or contralateral, referring to the spikes recognized on the EEG.  
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Event-related task PLS was conducted to identify spike-related activation. Then, the peak voxel 
time-course within the activated region in the ipsilateral hippocampus was tested across the three 
epochs with 4 TRs per epoch, each TR being 2500ms. PLS connectivity analysis was conducted 
using the peak voxel activated by spikes in the ipsilateral hippocampus as the seed voxel. BOLD 
signal intensities in that voxel were extracted and correlated with every other voxel in the brain in 
each condition across all subjects. The correlation of brain activity between the seed voxel and 
every other voxel in the brain across different conditions and subjects was calculated and stacked 
into a single combined matrix of correlations called the behaviour matrix. The behaviour matrix 
was then decomposed with SVD into a set LVs that describe the network/regions (functional 
connectivity pattern) that correlated with the ipsilateral hippocampal activity in different conditions. 
Lastly, to examine the relation between functional connectivity patterns in the three states (spike, 
pre-spike and rest) and seizure recency, we conducted seed-behaviour analysis by adding the time 
from last seizure (in weeks) as a variable in the subsequent PLS connectivity analysis. We were 
thus able to assess whether spike, pre-spike or resting functional connectivity maps, defined in 
relation to the ipsilateral hippocampus, were related to interval from last seizure.  
3.3 Results 
3.3.1 Whole brain analysis  
Event-related task PLS analysis of spike, pre-spike, and rest states yielded significant activity in the 
ipsilateral mesial temporal structures. As hypothesized, spike-related activation was seen in the 
ipsilateral hippocampus (relative to pre-spike) and was accompanied by increased activity in the 
ipsilateral parahippocampal gyrus, middle temporal gyrus, precuneus and contralateral middle 
temporal gyrus and insula (Figure 3.1, table 3.1). Additionally, activity in the ipsilateral medial 
frontal gyrus and the right inferior and superior frontal gyri were decreased during inter-ictal spikes, 
relative to the pre-spike period.   
 36 
 
Figure 3.1 Task PLS results. (A) A pattern of whole brain activity in spikes versus pre-spike. 
(B) Brain scores related to the pattern seen in (A). (C) L hippocampus activation cluster, from 
which the peak voxel was used for functional connectivity analysis. 
Analysis of the time-course and degree of activation in the peak voxel within the ipsilateral 
hippocampal cluster (MNI coordinate; -21, -27, -12) revealed a decrease in ipsilateral hippocampal 
activity during the 10 second pre-spike period when compared to rest and spike conditions (Figure 
3.2). Paired t-tests showed that spike and pre-spike time-courses differed significantly between 
TR1`, TR2` during pre-spike and TR2``, TR3`` during spike (p=0.002, p=0.005 respectively).   
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Figure 3.2 Peak voxel (-21, -27, -12) BOLD signal intensities within the ipsilateral 
hippocampal activation across three conditions, rest, pre-spike and spike. TRs, TRs`, TRs`` 
represent the 4TRs for rest, pre-spike and spike, respectively. Each TR is 2.5 seconds. 
Table 3.1 
Whole brain analysis, spike versus pre-spike. 
Region Side Peak MNI Coordinates Ratioa 
x y z  
Positive correlations 
HP, paraHP, amygdale L -15 -15 -12 4.34 
Middle temporal gyrus R 69 6 -21 4.62 
Precuneus R 3 -42 69 4.11 
 L -3 -40 71 4.08 
Middle temporal gyrus L -52 -20 -10 4.04 
Insula R -30 -12 -18 3.49 
Negative Correlations 
Inferior frontal gyrus R 51 15 6 -6.99 
Superior frontal gyrus R 48 -48 15 -6.28 
Medial frontal gyrus L -12 -18 66 -4.24 
Key: HP, Hippocampus; paraHP, Parahippocampus; L, Left; R, Right; MNI, Montreal Neurological 
Institute; SE, Standard error. aSalience/SE ratio in bootstrap analysis 
3.3.2 Functional connectivity analysis  
During the rest epoch, the ipsilateral hippocampus was functionally connected with the contralateral 
hippocampus, and the parahippocampal gyri, fusiform gyri, amygdala, and cerebellar cortex 
bilaterally (Figure 3.3: a1,b1, Table 3.2). Activity in the ipsilateral hippocampus was also correlated 
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with structures of the default mode network including the precuneus and bilateral superior frontal, 
medial temporal, and cingulate gyri. The strongest connectivity, however, was demonstrated with 
the contralateral hippocampus and the parahippocampal gyri, amygdala and cerebellar cortices 
bilaterally.  
 
 
Figure 3.3 FC and seed/behaviour results. (A) From left to right, patterns of whole brain FC 
during rest (a1), pre-spike (a2), and spike (a3). (B) From left to right, patterns of bilateral 
hippocampal FC during rest (b1), pre-spike (b2), and spike (b3). (C) From left to right, 
seed/behaviour correlation between FC maps in a1 (c1), a2 (c2) and a3 (c3). 
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Table 3.2 
Functional connectivity pattern during rest 
Region Side Peak MNI Coordinates Ratioa 
x y z 
ParaHP, amygdale L -21 -12 -15 47.09 
HP, paraHP, amygdale R 24 -15 -4 13.5 
Cerebellum L -24 -51 -9 29.32 
 R 31 -53 -15 15.22 
Fusiform L -36 -42 -14 4.51 
 R 37 -40 -15 4.00 
Precuneus R 2 -72 47 4.03 
 L -2 -72 51 4.59 
Cingulate Gyrus R 16 -29 42 4.007 
 L -21 -26 42 4.32 
Superior frontal gyrus R 30 51 51 7.68 
 L -5 19 58 3.48 
Medial frontal gyrus L -20 -2 42 6.20 
Medial temporal gyrus R 50 -4 -20 6.85 
 L -50 -2 -23 6.08 
Brainstem  0 -23 -23 6.85 
Key: HP, Hippocampus; paraHP, Parahippocampus; L, Left; R, Right; MNI, Montreal Neurological 
Institute; SE, Standard error. aSalience/SE ratio in bootstrap analysis 
During the pre-spike period, the ipsilateral hippocampus showed connectivity to the ipsilateral 
parahippocampal gyrus, bilateral cerebellar cortices, ipsilateral insula, bilateral lentiform nuclei, and 
contralateral caudate nucleus (Figure 3.3: a2, b2, Table 3.3).  
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Table 3.3 
Functional connectivity pattern during pre-spike 
Region Side Peak MNI Coordinates Ratioa 
x y z 
ParaHP, amygdale L -18 -15 -11 16.92 
Middle temporal gyrus L -61 -28 -11 5.04 
Caudate R 20 25 -10 7.95 
Lentiform nucleus L -13 6 -13 7.2 
 R 17 6 -11 8.12 
Cingulate gyrus L -7 22 30 -9.2 
 R 8 21 33 -6.05 
Insula L -43 -15 -10 4.55 
 R 44 -13 -10 4.55 
Key: HP, Hippocampus; paraHP, Parahippocampus; L, Left; R, Right; MNI, Montreal Neurological 
Institute; SE, Standard error. aSalience/SE ratio in bootstrap analysis 
At the time of spikes, the ipsilateral hippocampus showed a connectivity pattern similar to the 
pattern of connectivity during rest, except for increased connectivity to the contralateral insula 
(Figure 3.3: a3, b3, Table 3.4). Also, in the spike epoch, negative correlations were observed with 
both superior frontal gyri. The main differences between pre-spike and spike conditions were that 
during pre-spike, the connectivity of the ipsilateral hippocampus to the contralateral hippocampus, 
both parahippocampal gyri and cerebellar cortex was significantly reduced, whereas negative 
correlation in activity was observed with insula, lentiform nuclei, and cingulate gyri bilaterally.  
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Table 3.4 
Functional connectivity pattern during spike 
Region Side Peak MNI Coordinates Ratioa 
x y z 
ParaHP, amygdala L -25 -15 -15 23.05 
HP, paraHP, amygdala R 29 -15 -13 5.01 
Cerebellum L -23 -53 -10 29.32 
 R 31 -52 -15 15.22 
Fusiform R 38 -65 -3 4.60 
Insula R 44 -42 25 9.11 
 L -2 -72 51 4.59 
Lentiform nucleus L -20 -15 -8 13.75 
Red nucleus  0 -15 -7 6.05 
Superior frontal gyrus L -18 21 58 -4.68 
 R 24 20 58 -5.6 
Middle frontal gyrus L -36 5 44 -6.72 
Key: HP, Hippocampus; paraHP, Parahippocampus; L, Left; R, Right; MNI, Montreal Neurological 
Institute; SE, Standard error. aSalience/SE ratio in bootstrap analysis 
Seed-behaviour correlation analysis revealed similar maps to those seen in the previous functional 
connectivity analysis (Figure 3.3). Importantly, this additional analysis showed that seizure recency 
was strongly correlated with the pre-spike (a negative correlation of r = -0.64) (Figure 3.3: c2) and 
rest conditions (a positive correlation r = 0.4) (Figure 3.3: c1), but not with the spike condition 
(Figure 3.3: c3).  
3.4 Discussion  
We used EEG-fMRI to investigate functional connectivity changes immediately prior to the 
appearance of inter-ictal spikes on EEG in MTLE patients. Our findings showed spike-related 
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activation in the ipsilateral hippocampus. In addition, we demonstrated the significantly reduced 
ipsilateral hippocampal activity, and the loss of bilateral hippocampal functional connectivity 
immediately before the appearance of electrographic spikes. Moreover, we showed that the pre-
spike connectivity pattern is related to seizure recency, suggesting that the altered functional 
connectivity changes prior to spikes is influenced by the time from last seizure.  Spike-related 
activation in the ipsilateral hippocampus is consistent with previous EEG-fMRI studies on MTLE 
patients (Aghakhani et al. 2006, Kobayashi et al. 2006, Morgan, Gore, and Abou-Khalil 2007).  
In the functional connectivity analysis, the most striking finding was the significant loss of 
connectivity between the hippocampi several seconds before the appearance of spikes on EEG. 
During rest and spiking, there was a coupled coherence between the two hippocampi. However, this 
coherence decreased dramatically a few seconds prior to the onset of inter-ictal spikes and is in 
keeping with a role for altered inter-hippocampal interaction in the initiation of spikes.  
The hippocampi are anatomically and functionally connected by the fornix (Wyllie 2006), a major 
input and output pathway for the hippocampus (Henri M. Duvernoy 2013, Andersen et al. 2007). 
Previously, it was thought that seizure and epileptiform discharges are initiated in one hippocampus 
and propagate to the contralateral hippocampus through the fornix. However, the short delay (20 
ms) between activity in right and left hippocampi raises the possibility that the hippocampi are 
functionally synchronized (Wang et al. 2014). Studies of inter-hippocampal synchronization using 
intracranial EEG in animals and humans have shown that normally, there is electrophysiological 
coherence between the hippocampi in the delta wave frequency range during wakefulness (0.5-2 
Hz) (Moroni et al. 2012, Green and Arduini 1954) and rapid eye movement sleep (Buzsaki et al. 
2003). Functional synchronization may involve the input that both hippocampi receive from each 
other via commissural fibers in the fornix. In animal models of MTLE, Meier et al. (2007) reported 
significant loss of synchronization at high frequencies between the hippocampi prior to the onset of 
epileptiform discharges (Meier et al. 2007). Our results support and translate these findings into 
humans using EEG-fMRI functional connectivity analysis. We found that the loss of coherent 
synchronization between the two hippocampi occurred a few seconds before the appearance of 
inter-ictal spikes. 
Previous studies on animal models of focal epilepsy have shown hemodynamic changes prior to 
spikes (Makiranta et al. 2005, Zwiener et al. 2000). These pre-spike changes have been related to 
early synchronization of a population of neurons before inter-ictal discharges. In humans, EEG-
fMRI has also demonstrated early BOLD changes in the pre-spike period. Both positive and 
negative pre-spike BOLD changes have been described and have been found to be more focal than 
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the spike-related BOLD signals. Correlation of early BOLD changes with findings from invasive 
EEG recording has revealed pre-spike synchronized neural discharges from areas exhibiting early 
BOLD changes (Pittau et al. 2011). These pre-spike EEG discharges were observed on intracranial 
EEG but not detected with scalp EEG.  
Inter-ictal inter-hemispheric hippocampal functional connectivity (Morgan et al. 2011) has been 
investigated using resting state fMRI in MTLE. Decreased functional connectivity within the 
ipsilateral temporal lobe and between temporal lobe structures in both hemispheres has been 
reported. EEG-fMRI has been used to examine the relationship between connectivity and brain 
states related to inter-ictal spikes. In these studies, reduced functional connectivity between the 
hippocampus ipsilateral to the seizure focus with the contralateral hippocampus has been reported 
in relation to inter-ictal activity in patients with unilateral MTLE, when compared to controls 
(Pittau et al. 2012). Pereira et al. (2010) has demonstrated that healthy subjects exhibit high 
functional connectivity between the hippocampi, whereas in MTLE patients the basal connectivity 
between the hippocampi is disrupted. Our findings support and extend the knowledge from previous 
reports of reduced bilateral hippocampal activity. Specifically, we showed that the loss of 
connectivity between the hippocampi is linked to the pre-spike period. Our approach in defining 
different brain states (i.e. background, pre-spike and spike) facilitated the identification of altered 
functional connectivity during the transition from rest to spike states. It remains to be determined 
whether these changes in functional connectivity are due principally to changes in firing patterns in 
the ipsilateral (abnormal) hippocampus, the contralateral hippocampus or to a complex 
desynchronized pattern of firing in both hippocampi. It is possible that decreased connectivity 
reflects a reduction in inter-hemispheric inhibition from the contralateral hippocampus, which plays 
a role in the emergence of inter-ictal spikes. Further research is needed to differentiate between 
these alternatives. Also, we showed that seizure recency influenced short-term connectivity 
patterns. The shorter the interval from the last seizure, the greater the recruitment of the pre-spike 
network, whereas the rest network was more strongly recruited with longer intervals from the last 
seizure. 
This study and others have emphasized the usefulness of EEG-fMRI and functional connectivity in 
examining brain connectivity in disease, but conclusions from these studies should take into account 
their limitations. In our study, the possibility that not all inter-ictal spikes were visible in scalp 
recorded EEG (Tao et al. 2005) may limit the accuracy and specificity of our analysis. Additionally, 
we report findings in a small sample of patients, which is likely to have reduced statistical power 
(Handwerker, Ollinger, and D'Esposito 2004). Each subject was scanned only once and the 
functional connectivity patterns were derived from the average of all pre-spike periods across all 
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subjects. Each patient had a differing number of spikes, as reported in Table 1, and our estimates of 
functional connectivity were based on the average of all pre-spike periods available. The variability 
in connectivity across epochs and subjects was taken into account in the statistical inference insofar 
as significant voxels represent the consistent features of the connectivity maps. Furthermore, the 
large range of AEDs prescribed and the relatively low number of subjects precluded the analysis of 
the influence of specific drug classes on connectivity patterns. Finally, we concede there may be a 
degree of temporal blurring in examining connectivity time-linked to inter-ictal spikes in a dataset 
with a temporal resolution of 2.5 seconds. However, if it were possible to remove this effect, the 
focal pattern of connectivity that we observed during the pre-spike period might be expected to be 
even stronger.   
To conclude, our main findings indicate that ipsilateral hippocampal activity and functional 
connectivity is reduced during the period immediately prior to the appearance of inter-ictal spikes. 
These findings provide insights about the pathophysiological state of mesial temporal lobe 
structures underlying the genesis of spikes.  
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Chapter Four: Identification of resting state networks changes in 
patients with mesial temporal lobe epilepsy 
4.1 Introduction 
Several studies have examined the effect of MTLE on resting state networks (RSNs) (Zhang et al., 
2010, Liao et al., 2010b, Yuan et al., 2013). RSNs represent the organization of ongoing baseline 
neural activity of distinct, highly specialized networks that are functionally identified (Golland et 
al., 2008, Yeo et al., 2011). At rest, the human brain consumes about 50% of its metabolic energy in 
intrinsic signalling and processing, while only 5% of its energy is utilized in response to neural 
activity of external stimuli (Buzsaki et al., 2007, Liao et al., 2010a, Raichle et al., 2001). These 
RSNs are observed when the subject is conscious yet not engaging in an externally cued task. The 
concept of RSNs was derived from the work of Biswal et al. (1995), who investigated fMRI noise 
signals during the performance of a simple motor task (Biswal et al., 1995). From this work, 
identifiable low frequency fluctuations of fMRI signal occurring at rest but not during the motor 
task were reported. These signal fluctuations were highly coherent among multiple regions. The 
presence of slow fluctuations at frequencies between 0.01 and 0.1 Hz in brain regions involved in 
sensory, motor, visual, auditory, language and attention processing. These coordinated brain signals 
have shown to be robust and consistent across various functional imaging techniques such as fMRI 
(Biswal et al., 1995), optical imaging (Arieli et al., 1996), positron emission tomography (PET) 
(Raichle et al., 2001), electrophysiology (Laufs et al., 2003, Leopold et al., 2003) and, more 
recently, MEG (de Pasquale et al., 2010, Brookes et al., 2011).  
Certain brain regions (networks) are modulated during specific functions of the normal brain. These 
brain networks can be classified into two major groups based on their function (Bressler and 
Menon, 2010). First, networks involved in motor-sensory processes, which include the 
sensorimotor, visual and auditory networks. The second group includes networks mediating higher 
brain functions such as consciousness, cognition and attention. Higher brain function networks 
comprise the default mode network (DMN), the salience network (SN), and the attentional, 
executive control, reward emotion, memory and language networks.  
Several studies have revealed disturbances in RSNs in different types of epilepsy, including MTLE 
(Widjaja et al., 2013, Cataldi et al., 2013). These RSN changes may be linked to inter-ictal 
cognitive impairment. For example, it was found that in a group of patients with MTLE, there was 
altered functional connectivity in memory network during episodic memory task (Doucet et al., 
2013).  Also, Pizoli et al. (2011) found in case study of a child with severe epileptic encephalopathy 
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that functional connectivity pattern of RSNs have returned to normal after surgical removal of the 
corpus callosum, a major pathway for seizure generation in generalized epilepsy (Pizoli et al., 
2011). The re-gaining of the normal pattern of RSNs was associated with resolution of the 
behavioural deterioration that was present prior to surgery.   
Additionally, some studies provided evidence of disturbances in RSNs in MTLE in relation to 
seizures and inter-ictal spikes. For instance, Janszky et al. (2003) has demonstrated that functional 
connectivity disturbance caused by inter-ictal spikes influenced the speech organization network in 
patients with intractable MTLE (Janszky et al., 2003).Furthermore, using SPECT, Chang et al. were 
able to demonstrate decreased cerebral blood flow (CBF) within the DMN during complex partial 
seizures in a group of patients with temporal lobe epilepsy (Chang et al., 2002). Likewise, (Laufs et 
al., 2007b, Fahoum et al., 2012) have demonstrated deactivation of DMN during inter-ictal spikes.  
As mentioned in Chapter 3, there is evidence from previous studies that the neural networks 
involved in the generation of inter-ictal spikes may be a reliable estimator of the network that 
generates seizures (Janszky et al., 2001, Hufnagel et al., 2000). Studying these networks in people 
with epilepsy may provide evidence that RSNs may be crucial to the functional disturbance and 
organization of the epileptic brain as well as to the generation of the epileptiform events (i.e. 
seizures and spikes) 
Here, we examined functional connectivity changes in the DMN, SN and dorsal attention networks 
(DAN). Although most RSNs connectivity studies in MTLE patients aimed to understand the 
cognitive deficiencies often reported in those patients (Cataldi et al., 2013), some of these networks 
have been shown to be highly affected during rest (Maneshi et al., 2014, Zhang et al., 2010, Pittau 
et al., 2012), seizures (Danielson et al., 2011) and inter-ictal spikes (Laufs et al., 2007b, Fahoum et 
al., 2012).  
In MTLE, alterations in the DMN have been described between the hippocampus and key node 
structures of this network, such as the posterior cingulate cortex (Pittau et al., 2012, Zhang et al., 
2010). Several studies have shown decreased connectivity within the DMN simultaneously with 
emergence of inter-ictal discharges on EEG (Kobayashi et al., 2006, Laufs et al., 2007b, Fahoum et 
al., 2012). However, whether the DMN is involved in the generation of inter-ictal spikes remains 
unclear. 
In addition to the DMN, the role of the SN has received attention in healthy people and in diseases, 
such as schizophrenia and Alzheimer’s disease. However, to date only one study has observed the 
intrinsic activity of the SN in epilepsy (Luo et al., 2014). These authors, investigating childhood 
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absence epilepsy, demonstrated a significant relationship between the SN and awareness. Whether 
the SN is disrupted in MTLE has not, as yet, been investigated thoroughly.  
The dorsal attentional network has been described in many RSN studies in healthy populations 
(Corbetta & Shulman, 2002; Fox et al., 2006). The dorsal attentional network comprises the 
intraparietal sulcus (IPS) and the frontal eye field (FEF) bilaterally. The dorsal system is associated 
with mediating attention when voluntarily attention is directed to specific stimuli. Also, it is 
believed that the dorsal attentional network is involved in visual working memory since both IPS 
and FEF are part of the retinotopic organization map. Dorsal attentional network changes have been 
investigated in MTLE patients. Zhang et al. (2009b) demonstrated significant decrease in the 
functional connectivity of dorsal attention network in MTLE patients during voluntarily oriented 
task when compared to controls. These abnormalities in connectivity patterns of the attention 
networks have been largely related impaired performance in behavioural attention tests. Again, it is 
still to be determined whether changes in the dorsal attentional network are related to the generation 
of inter-ictal spikes.   
Results from RSN studies revealed the dysfunction of some RSNs in MTLE, which may be 
associated with inter-ictal spikes and seizures, possibly underline the patho-physiological 
mechanisms of this disease (van den Heuvel and Hulshoff Pol, 2010). Currently, little is known 
about how RSNs are modulated by transient electrophysiological perturbations such as inter-ictal 
spikes. Given the evidence of coupling epileptic disorders to RSNs, in this chapter, we hypothesize 
that in patients with MTLE, functional connectivity within RSNs including DMN, salience and 
dorsal attention networks would be abnormal, during rest and linked to the generation of inter-ictal 
spikes. Specifically, we hypothesized that: 1. There would be an alteration in functional connectivity of DMN, SN and DAN in MTLE 
patients during rest when compared to controls	  2. There would be and alteration in functional connectivity of DMN, SN and DAN in MTLE 
patients prior to the appearance of inter-ictal spikes on EEG. 	  
By understanding connectivity impairments within DMN, SN and DAN related to the emergence of 
inter-ictal spikes in MTLE, we also hope to elucidate targets to benchmark therapeutic medical and 
surgical interventions.  
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4.2 Methods 
4.2.1 Participants  
The details of subjects participated in this study are outlined in Chapter 2 (section 2.5.1). Briefly, 
fifteen MTLE patients (9 females, mean age: 38 years; 6 males, mean age: 42 years) and fifteen age 
and gender matched healthy control participated in this study. All participants gave signed informed 
consent form approved by the Human Research Ethics Committee (HREC) at the Royal Brisbane 
Women’s Hospital (RBWH) and the Centre for Advanced Imaging, the University of Queensland  
4.2.2 Study procedure  
The study procedure is described in details in chapter 2 (section 2.5.2). In short, an MRI compatible 
64-channel silver/chloride (Ag/AgCl) EEG system was used to record EEG from patients. The 
fMRI examinations were performed on all subjects on 3 T Siemens Magnetom Trio scanner. 
Participants’ heads were immobilized with cushions and subjects were instructed to to remain still, 
awake and relaxed with their eyes closed during the scan.  
4.2.3 EEG data acquisition and preprocessing 
EEG and fMRI data acquisition and preprocessing were described in detail in Chapter 2. Briefly, 
EEG data was recorded continuously during fMRI acquisition using Brain Vision recorder software 
version 1.20.0001 (Brainproducts Co., Munich, Germany). EEG preprocessing was performed off-
line using EEGLAB software (Delorme and Makeig, 2004).  Gradient and ballistographic artefacts 
were removed with the Artefact Slice Template Removal (FASTR) algorithm implemented in 
EEGLAB. Residual artefacts were removed using Independent Component Analysis (ICA). A 
neurologist then reviewed the cleaned EEG recordings to identify inter-ictal spikes. 
4.2.4 MRI data acquisition and preprocessing 
The details for MRI data acquisition and preprocessing were detailed in chapter 2 (sections 2.5.3, 
2.6.2). In brief, A high-resolution T1-weighted (MP-RAGE) sequence was acquired and images 
sensitised to BOLD contrast were acquired with a single-shot gradient-echo planar image sequence. 
MRI preprocessing was performed using SPM8 (Wellcome Trust Centre for Neuroimaging, 
London, UK) running on MATLAB. Functional images were initially slice-time corrected then 
realigned and resliced using a 6-parameter rigid body spatial transformation (Friston et al., 1995b). 
The structural scan was coregistered to the mean functional image for each participant, and 
normalized to the MNI template using the Unified Segmentation algorithm (Ashburner & Friston, 
2005). Spatial smoothing was performed on all normalized images using an 8mm FWHM Gaussian 
kernel. 
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4.2.5 fMRI Analysis 
In this study, we aimed to assess the functional connectivity within DMN, SN, and DAN in MTLE 
patients in compared to controls during resting state. Also, we examined functional connectivity in 
relation to the spikes identified throughout the EEG recording in MTLE patients and compared 
spike-related connectivity to resting state connectivity patterns. In patients, we considered spikes as 
events specifying the three conditions (rest, pre-spike and spike conditions), although they 
underwent fMRI during rest (i.e., no task was applied), similar to controls (refer to section 3.2.5).  
To perform seed-to-voxel functional connectivity maps, seed regions were selected 
using the Montreal Neurological Institute (MNI) coordinates selected from previous literature and 
studies. Table 4.1 presents the nodes for each RSN and the MNI coordinates for the seeds used for 
the functional connectivity analysis. First, we compared functional connectivity changes within the 
DMN, SN and DAN during rest between MTLE patients and controls. For each network, the 
average BOLD signal intensity was extracted and was then used for connectivity analyses in both 
patients and controls during rest using the PLS software (Krishnan et al., 2011, McIntosh and 
Lobaugh, 2004).  
Within the patient group, we then examined differences in FC patterns between rest, pre-spike and 
spike states. Again, the average signal intensity was extracted from each seed region and each state, 
and was then used for connectivity analyses in patients group during the three epochs (rest, pre-
spike and spike) 
A two-sample t-test was used to assess the differences in functional connectivity patterns between 
patients and controls during rest (between-group comparison), and between conditions in MTLE 
patients (within-patient comparison).  
Table 4.1 
MNI coordinates of seed region for each network analysis.  
Networks Seed region MNI coordinates 
x y z 
DMN Posterior cingulate cortex (PCC) -3 -48 30 
Salience Network Insula -38 16 -2 
Dorsal Attention Network Intra-parietal sulcus (IPS) -23 -70 46 
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4.3 Results 
4.3.1 Default mode network 
4.3.1.1 Comparison between healthy controls and MTLE patients during rest 
Functional connectivity analyses using the PCC as a seed region in healthy controls showed 
positive correlations between the seed region and the prefrontal cortex, precuneus, and bilateral 
inferior parietal cortices (Figure 4.1A), whereas MTLE patients demonstrated significantly different 
functional connectivity patterns to the PCC seed during rest compared to controls (Figures 4.2B; 
4.2; Table 4.2). Specifically, there was a loss of connectivity between the seed regions and the pre-
frontal cortex, and decreased connectivity to inferior parietal cortices bilaterally. Increased 
connectivity, however, was demonstrated between the seed region and bilateral thalami and 
precuneus.  
 
Figure 4.1 Default mode network; in A) Healthy controls, B) MTLE patients during rest 
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Figure 4.2 PCC-Seed based FC analysis in MTLE patients versus controls during rest. A) 
Functional connectivity map show the overlay of DMN (green) in MTLE patients (red) and controls 
(blue). B) Brain scores related to FC maps in DMN of MTLE patients and controls seen in A.  Error 
bars represent differences between means of brain scores as determined by a two-sample t-test. 
Table 4.2 
PCC-seed based FC analysis. 
Region Hem Peak MNI Coordinates Ratioa 
x y z 
Patients>controls 
Precuneus  0 -63 30 36.4 
Thalamus L -9 -17 8 11.46 
 R 26 -21 18 15.36 
Controls>patients 
Prefrontal cortex L -52 -57 41 6.59 
 R 7 64 15 7.33 
Inferior parietal cortex L -52 -58 41 9.1 
 R 52 -57 42 6.7 
 
4.3.1.2 Functional connectivity patterns in MTLE patients in three epochs 
During the pre-spike epoch, there was a significant decrease in connectivity within the DMN nodes 
when compared to the rest condition (p < 0.05) (Figure 4.3). Comparing functional connectivity 
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between rest and spike epochs showed a trend toward significance (p = 0.08) (Figure 4.4). No 
significant difference was found in connectivity between pre-spike and spike epochs (p >0.05).   
 
Figure 4.3 PCC-Seed based FC analysis between pre-spike and rest conditions in MTLE 
patients. A) Functional connectivity maps show the overlay of DMN (green) in MTLE patients 
during rest (blue) and pre-spike (red). B) Brain scores related to FC maps seen in A.  Error bars 
represent differences between means of brain scores as determined by a two-sample t-test. 
 
Figure 4.4 PCC-Seed based FC analysis between rest and spike conditions in MTLE 
patients. A) Functional connectivity map show the overlay of DMN (green) in MTLE patients 
during rest (blue) and spike (red). B) Brain scores related to FC maps seen in A.  Error bars 
represent differences between means of brain scores as determined by a two-sample t-test. 
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4.3.2 Salience network 
4.3.2.1 Comparison between healthy controls and MTLE patients during rest 
Seeding the salience network using the insula in healthy controls demonstrated connectivity patterns 
similar to that reported in the literature (Seeley et al., 2007, Sridharan et al., 2008). Areas showing 
connectivity to the left insula include the right insula, the dorsal part of anterior cingulate cortices 
bilaterally, part of the inferior frontal cortices bilaterally and the cerebellum (Figure 4.5A). Relative 
to controls, during rest, MTLE patients demonstrated decreased connectivity to both insulae and 
anterior cingulate gyri. Also, they showed increased connectivity to thalamus (Figure 4.5B, figure 
4.6, table 4.3).  
4.3.2.2 Functional connectivity patterns in MTLE patients in three epochs 
During the pre-spike epoch, there was a significant decrease in connectivity within the salience 
network when compared to the rest condition (p < 0.05)(Figure 4.7). This significant reduction in 
connectivity was also seen during the spiking state (p < 0.05) (Figure 4.8). No significant group 
difference was found in connectivity between pre-spike and spike epochs (p >0.05). 
Table 4.3 
Left Insula-seed based FC analysis 
Region Hem Peak MNI Coordinates Ratioa 
x y z 
Patients>controls 
Thalamus L -16 -16 18 5.5 
 R 17 -24 -1 13.38 
Controls>patients 
Insula L -40 12 -1 37.2 
 R 40 16 -1 17.5 
ACC L -9 23 26 13.4 
 R 8 19 26 11.3 
 
 54 
 
Figure 4.5 Salience network; in A) Healthy controls, B) MTLE patients during rest. 
 
Figure 4.6 Left insula seed based FC analysis between MTLE patients and controls during 
rest. A) Functional connectivity map show the overlay (green) of salience network in controls 
(blue) and patients (red) during rest. (B) Brain scores related to FC maps in salience network of 
MTLE patients and controls seen in A. Error bars represent differences between means of brain 
scores as determined by a two-sample t-test. 
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Figure 4.7 Left insula-Seed based FC analysis between pre-spike and rest conditions in 
MTLE patients. A) Functional connectivity map show the overlay (green) of Salience network in 
MTLE patients during rest (blue) and pre-spike condition (red). B) Brain scores related to FC maps 
in A. Error bars represent differences between means of brain scores as determined by a two-sample 
t-test. 
 
Figure 4.8 Left insula-Seed based FC analysis between rest and spike conditions in MTLE 
patients. A) Functional connectivity map show the overlay (green) of Salience network in MTLE 
patients during rest (blue) and spike condition (red). B) Brain scores related to FC maps in A. Error 
bars represent differences between means of brain scores as determined by a two-sample t-test. 
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4.3.3 Dorsal attentional network 
4.3.3.1 Comparison between healthy controls and MTLE patients during rest 
Seeding the dorsal attentional network in healthy controls using the left IPS as a reference (i.e. seed) 
region for the functional connectivity analysis revealed connectivity patterns to the right IPS and the 
FEF bilaterally (Figure 4.9 A, Table 4.4). This is similar to findings in previous studies (Vossel et 
al., 2014, Mantini et al., 2007b, Fox et al., 2005), however, our study revealed additional 
connectivity to the cerebellum. At rest, compared to the control subjects, patients with MTLE 
displayed significantly greater connectivity to the precuneus and decreased connectivity to the FEF 
bilaterally (Figure 4.9 B, 4.10).  
4.3.3.2 Comparison between healthy controls and MTLE patients during rest 
During the pre-spike epoch and extending to the spiking state, there was a significant decrease in 
the connectivity pattern of the attentional network when compared to the rest condition (p 
<0.05)(Figure 4.11, 4.12). There was decreased connectivity between the seed and right IPS, 
precuneus and cerebellar cortices. No significant FC differences between spike and pre-spike 
epochs within the dorsal attentional network. 
Table 4.4 
Left IPS-seed based FC analysis 
Region Hem Peak MNI Coordinates Ratioa 
x y z 
Patients>controls 
Precuneus L 0 -50 54 20.4 
 R 17 -24 -1 13.38 
Controls>patients 
FEF L -32 8 49 15.6 
 R 34 5 51 11.33 
Cerebellum L 34 -60 -18 14.4 
 R 33 -64 -18 11.8 
 
 57 
 
Figure 4.9 Dorsal attentional network; in A) Healthy controls, B) MTLE patients during rest. 
 
Figure 4.10 Left IPS-seed based FC analysis between MTLE patients and controls during 
rest. A) Functional connectivity map show the overlay (green) of DAN in controls (blue) and 
patients (red) during rest. (B) Brain scores related to FC maps in salience network of MTLE 
patients and controls seen in A. Error bars represent differences between means of brain scores as 
determined by a two-sample t-test. 
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Figure 4.11 Left IPS-Seed based FC analysis between pre-spike and rest conditions in 
MTLE. A) Functional connectivity map show the overlay (green) of DAN network in patients 
during rest (blue) and pre-spike (red) (B) Brain scores related to FC maps in DAN network of 
MTLE patients seen in A. Error bars represent differences between means of brain scores as 
determined by a two-sample t-test. 
 
Figure 4.12 Left IPS-Seed based FC analysis between rest and spike conditions in MTLE. 
A) Functional connectivity map show the overlay (green) of DAN network in patients during rest 
(blue) and spike (red) (B) Brain scores related to FC maps in DAN of MTLE patients seen in A. 
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Error bars represent differences between means of brain scores as determined by a two-sample t-
test. 
4.4 Discussion 
The purpose of this study was to assess the functional connectivity within RSNs including DMN, 
salience and dorsal attention networks during rest and prior to the appearance of inter-ictal spikes 
on EEG. In Chapter 3, we found that there was loss of bilateral hippocampal connectivity 
immediately before the appearance of inter-ictal spikes on EEG. The current chapter examined if 
functional connectivity changes within the DMN, SN, and dorsal attentional network prior to 
spikes. To our knowledge, this is the first study to examine the changes in RSNs connectivity 
immediately prior to spikes. Understanding perturbations of the dynamic connectivity within these 
networks in the different epileptic brain states (rest, pre-spike and spike) is crucial for recognizing 
the role these networks play in the generation of epileptiform activity and seizures. Findings from 
this study also provide evidence about alterations in the organisation of brain networks MTLE 
patients. 
In this study, we were able to identify significant changes in DMN, SN, and DAN during rest in 
MTLE compared to healthy controls.  Specifically, there was an overall decrease in the connectivity 
within the DMN, SN and DAN, and an increase in the connectivity of these networks to the thalami 
and precuneus. We also found a significant reduction in DMN, SN, and dorsal attention network 
connectivity prior to and during spikes in the MTLE patients. The impairment of DMN, SN, and 
DAN networks in MTLE patients during rest and pre-spike periods may relate to cognitive 
impairment as suggested by previous studies but this aspect was not examined further in the present 
study as the focus of the study was to examine the involvement of these networks in inter-ictal spike 
generation.  
Within the DMN in MTLE patients, two main findings were demonstrated. First, during rest, there 
was a decrease in overall connectivity to the prefrontal cortex and increased connectivity of the 
PCC to both thalami when compared to healthy controls. Second, these coherence patterns 
decreased a few seconds prior to the onset of inter-ictal spikes and are in keeping with the role of 
altered DMN connectivity in the initiation of spikes.  
Previous resting state fMRI studies (Yuan et al., 2013) have also shown decreased functional 
connectivity within the DMN, especially in the prefrontal cortex. The prefrontal cortex is implicated 
in higher brain functions including planning, decision making, and moderating social behaviour 
(Wood and Grafman, 2003). However, it remains to be determined whether the impairment of 
DMN in MTLE patients is due to the critical involvement of the prefrontal cortex in the underlying 
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pathophysiology of MTLE, or is secondary to seizure propagation (Devinsky, 2005, Stretton and 
Thompson, 2012). Zeng et al. (2014) suggested that reduced regional homogeneity of the DMN in 
MTLE patients may be due to the long-term injurious effects of propagated activity from seizures 
and inter-ictal spikes, which cause functional changes in the DMN. Previous work has revealed 
neuro-anatomical pathways connecting the prefrontal cortex to hippocampal complex (Thierry et 
al., 2000). Pittau et al. (2012) reported decreased functional connectivity between hippocampi and 
prefrontal cortex within the DMN (Pittau et al., 2012). Also, Takaya et al. (2006) demonstrated 
prefrontal hypometabolism and hypo-function in patients with intractable MTLE who also showed 
cognitive impairment (Takaya et al., 2006). Reduced connectivity in the DMN in MTLE patients 
has been also correlated with loss of consciousness (Cauda et al., 2009, Danielson et al., 2011).  
In the present study, increased connectivity of the DMN to the thalamus was observed. Both DMN 
and the thalamus have been implicated in the regulation of consciousness (Min, 2010, Zhou et al., 
2011). Previous studies have shown that the synchronisation between thalamus and DMN play a 
role in maintaining consciousness. Also, abnormal functional connectivity between DMN and 
thalamus has been reported in patients with consciousness disorders. Therefore, the increased 
connectivity of the thalamus to the DMN may be a compensatory mechanism to the decreased 
connectivity within the DMN, which is important for maintaining consciousness in MTLE. The 
thalamus  is anatomically connected to the meso-limbic structures including the hippocampi, 
amygdalae and entorhinal cortex (Swenson, 2006, Carlesimo et al., 2011). This anatomical 
connection may serve as a pathway to build up coherence connectivity between disturbed DMN and 
the thalamus to maintain consciousness. This suggestion is supported by studies that have shown 
loss of consciousness in MTLE patients when the thalamus is involved during seizure episode 
(Blumenfeld et al., 2004).  
Decreased synchronization within the DMN a few seconds prior to spikes was observed and may 
indicate the involvement of DMN in the initiation of spikes. Conceptually, inter-ictal spiking may 
be a form of endogenous stimulus; other endogenous stimuli (decrease in dopamine secretion)(Dang 
et al., 2012) have been previously associated with a decrease in connectivity within the DMN 
(Laufs et al., 2007b, Fahoum et al., 2012). While these studies suggest that inter-ictal spikes may 
cause deactivation of the DMN, our results specifically link decreased connectivity between PCC, 
bilateral inferior parietal cortices and thalamus to the pre-spike period reflecting the decreased 
coherence of spontaneous BOLD signal fluctuations within these areas. The decreased coherence 
between these regions may be due to the anatomical connection between the hippocampi, prefrontal 
cortex and the thalamus. Previous anatomical studies demonstrated connections between 
hippocampus and DMN regions through entorhinal cortex (Kahn et al., 2008, Ward et al., 2014). 
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These links mediate the input and output signals between the hippocampi and DMN structures 
causing coherence coupling between these regions (Witter et al., 2000, Huijbers et al., 2011). Thus, 
the declined activity within the ipsilateral hippocampus during the pre-spike period may impact the 
coherence communication between the hippocampus and DMN regions, which result in DMN 
activity reduction or dys-synchronisation of the firing rate between these regions. These results may 
thus indicate that the disruption of the DMN is a prerequisite for the generation of inter-ictal spikes.  
Our findings pertaining to the salience network in MTLE patients included decreased functional 
coherence between insula, and dorsal anterior cingulate cortices (dACC), and increased 
connectivity to the thalamus when compared to healthy controls, supporting our hypothesis that 
MTLE is associated with disturbances in intrinsic activity within the salience network during rest 
when compared to controls. Recent work by Luo et al. (2014), found that abnormal connectivity 
between the dACC and insula in patients with childhood absence epilepsy was associated with 
disturbance in identifying and manipulating salient stimuli (Luo et al., 2014). Weniger et al. (2004), 
has demonstrated the disturbance in processing object–object, and face–face associative learning 
which was heavily influenced by the extent of hippocampal and parahippocampal damage in 
temporal lobe epilepsy (Weniger et al., 2004). Therefore, we may conclude that alterations in 
salience network function in MTLE patients lead to deficits in processing salient stimuli such as 
newness (e.g. detecting a new object in a well-known environment), and learning association (e.g. 
pairing between two stimuli). 
In addition to the decreased connectivity within the salience network, the thalami showed greater 
connectivity to the SN. Previous studies have shown that salience network play a major role in 
maintaining consciousness, and disturbance in salience network connectivity has been implicated in 
disorders associated with loss of consciousness (Craig, 2009, Luo et al., 2014). One possibility is 
that increased functional integration between the salience network and thalami is a compensatory 
mechanism for the disturbance in the normal salience network function, in which the thalamus is 
also involved in sustaining consciousness. Anatomical pathways between the insula and thalamus 
have been identified where physiological information passes from the insula to the thalamus 
(Menon and Uddin, 2010). Therefore, dys-coherence between salience network nodes insula and 
ACC may stimulate compensation pathway to the thalamus to stand for the decreased connectivity 
within the salience network. 
The reduced connectivity of the salience network and the thalami during the pre-spike period may 
indicate the role of deactivation of SN in the genesis of inter-ictal spikes. A recent study showed 
disrupted SN in relation to inter-ictal spikes in children with focal (temporal and extra-temporal) 
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intractable epilepsy (Ibrahim et al., 2014). In addition, it has been observed that thalamic 
deactivation is associated with inter-ictal discharges in generalised epilepsy (Wang et al., 2012b). 
Our findings, however, specifically linked the disturbance in salience network connectivity to the 
pre-spike period. Although previous studies examined salience network changes in heterogeneous 
groups of patients (focal and generalised epilepsy), whereas in our study, we only investigated a 
homogenous group of MTLE, findings from those studies can support each other. It has been 
previously suggested that large-scale network changes in relation to spikes can be applied across 
different clinical variables for epilepsy (Ibrahim et al., 2014). Also, previous work examining pre-
spike related BOLD changes revealed that BOLD signal changes were identifiable prior to inter-
ictal spikes in focal (Jacobs et al., 2009) and generalised (Moeller et al., 2008) epilepsy. However, 
future studies investigating large-scale networks (such as salience, DMN) in larger groups of 
homogenous patients are suggested to better characterize changes in the networks specifically 
linked to different epilepsy disorders.  
Regarding the dorsal attention network, in MTLE patients an overall decrease in connectivity 
during rest was observed, which may be associated with the impairment of goal-driven attention. 
This finding is concordance with previous studies that demonstrated the disturbance of goal-driven 
attention in which subjects directed their attention to during for example, executive and working 
memory tasks (Liao et al., 2010b, Zhang et al., 2009). The agreement between our results (where no 
attentional task were performed) and previous findings (where goal-driven tasks were attained) 
provide further support to the impairment of dorsal attentional network in MTLE patients.  
Specifically, there was significant reduced connectivity in bilateral FEF (major nodes for dorsal 
attention network), which play crucial role in controlling visual attention and eye movements 
(Schall, 2004). This finding may be related to the disturbance in the FEF of frontal lobe that occurs 
due to the long-term injurious effect of seizures. This evidence was supported by a case of temporal 
lobe epilepsy presented with epileptic nystagmus and vertigo reported the presence of initial ictal 
discharges on EEG from temporal lobe which was followed by fast rhythmic spikes from frontal 
electrodes (Kim et al., 2013). Despite the complexity of this case, and in addition to results from 
this study, it can be suggested that the disturbance of FEF connectivity during rest and its 
involvement in temporal lobe seizures associated eye movements seizures is part of the dorsal 
attentional network disturbance and may be helpful in localising the brain region responsible for 
visual attention and eye movements in MTLE patients. 
Furthermore, there was increase in the connectivity of the DAN to the precuneus. Previous work 
has indicated that the precuneus is involved during spatial orienting tasks (Kelley et al., 2008, 
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Yantis et al., 2002). However, we found that in MTLE patients, the dorsal attention network 
recruited the precuneus during rest. The precuneus has anatomical connection to the IPS, which is 
known to be involved in visual and spatial processing (Cavanna and Trimble, 2006). Other cortical 
and sub-cortical projections from the precuneus have been demonstrated such as to the thalami 
(Schmahmann and Pandya, 1990), claustrum and brainstem (Yeterian and Pandya, 1993). This wide 
range of connections indicates the importance and complexity of the precuneus in regulating higher 
cognitive function, although its exact role and mechanism is not fully understood. The abnormal 
connectivity of IPS in MTLE patients may however, stimulate the synchronisation and thus the 
overall connectivity between DAN and precuneus to compensate for this defective network.  
During the pre-spike period, the connectivity within the dorsal attention network was decreased 
significantly, which again may indicate that the decrease in the connectivity of this network is a pre-
requisite for initiating spikes. Yet, the exact mechanism by which the dys-synchronisation within 
the DAN during pre-spike is not clearly understood. A recent study by Matsumoto et al. (2013) 
have demonstrated the suppression of inter-ictal spikes during successful, but not unsuccessful 
attainment of cognitive attentional tasks in patients with medically refractory temporal lobe epilepsy 
(Matsumoto et al., 2013). This may indicate that synchronisation of the DAN is required to suppress 
the generation of inter-ictal spikes. Our results, however, have shown the opposite relation, where 
the dys-synchronisation impact the neuronal assembles of the DAN few seconds prior to spikes, 
which may play a role in generating subsequent spikes.  
In summary, this study identified possible temporal association between impaired resting state 
networks and inter-ictal epileptic discharges during rest and pre-spike periods. The decreased 
connectivity within the DMN, salience and dorsal attention networks may indicate their 
involvement in generating spikes in MTLE patients. There was some discrepancy between this 
study and other previous studies in regards to the nodes identified within the studied resting state 
networks. For example, some resting state studies have reported the hippocampus as part of the 
DMN in healthy controls (Huijbers et al., 2011, Buckner et al., 2008). The discrepancy in the 
hippocampal co-activation with the DMN between these studies and our study may be related to the 
absence of internal processing demands throughout the fMRI acquisition (i.e. during rest), whereas 
in previous studies, coupling between hippocampus and DMN was observed during memory 
retrieval task. Another reason for the discrepancy in the hippocampal coherence with DMN between 
this study and previous study may be related to the low number of studied population, which may 
be the cause of not identifying some subcortical regions involved within the resting state networks. 
However, this study identified common nodes within these networks in healthy controls similar to 
what has been described in the literature. 
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To conclude, this study examined the relationship between connectivity changes within the DMN, 
salience and dorsal attention network and inter-ictal spikes. There were abnormal connectivity 
patterns within the studied resting state networks during rest. Furthermore, specific patterns of 
reduced connectivity in these networks were observed immediately prior to the appearance of 
spikes. These findings may provide insights into the patho-physiological state of resting state 
networks underlying the genesis of inter-ictal spikes in MTLE patients.  
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Chapter Five: Correlation between hippocampal and resting state 
network connectivity and their structural substrates 
5.1 Introduction 
In the previous two chapters, we have shown that MTLE is a network disease, which implicates 
neural structures that are functionally connected and mediate the generation of spikes. This chapter 
focuses on; 1) Structural differences in the hippocampi and the nodes of the resting state networks 
(default mode, DMN; salience, SN; and dorsal attention networks; DAN) between MTLE patients 
and healthy controls, and 2) identifying correlations between functional connectivity maps of 
hippocampal networks and resting state networks and their structural substrates. Previous studies on 
MTLE have demonstrated the presence of structural changes within a functionally connected 
network of regions (Bonilha et al., 2010, Bernhardt et al., 2010). Spike-related fMRI studies 
revealed BOLD signal changes in extra-temporal regions such as the insula and anterior cingulate 
cortex (Laufs et al., 2007b, Eliane Kobayashi, 2009) which appear to be structurally different 
between patients with MTLE and controls on voxel-based morphometry (Bonilha et al., 2004). 
Hence, it is of essence to examine the structural substrates and their relation to function for 
validating the unique structural and functional connectivity changes associated with MTLE. In other 
words, understanding how would the structural changes impact the functional connectivity 
alteration or vice versa provide information about the possible structural-functional association that 
has not been investigated in previous study.   
MTLE is commonly characterized by HS, which is represented histologically by cellular loss 
observed as volume reduction, and by increased signal intensity on T2-weighted MR images 
(Sloviter, 2005, Coan et al., 2014c). There have been numerous studies demonstrating structural 
changes in MTLE outside of hippocampus sclerosis (Seidenberg et al., 2005). For example, gray 
matter volume changes in structures such as the thalamus, the amygdala, the entorhinal cortices, 
lateral temporal neocortices, the inferior frontal lobes, the cerebellum, and the brainstem are present 
in MTLE (Bonilha et al., 2010). Investigations of cortical thickness in MTLE patients have also 
shown structural abnormalities (Alhusaini et al., 2012). McDonald et al. (2008), for instance, 
showed  widespread bilateral cortical thinning associated with MTLE (McDonald et al., 2008). 
Bernhardt et al. (2010) demonstrated structural changes affecting different areas such as frontal, 
temporal and cingulate regions of the neocortex in patients with MTLE (Bernhardt et al., 2010). 
White matter structures have been also reported to be abnormal in MTLE patients (Liu et al., 2012). 
Furthermore, structural deficits of DMN regions have been assessed in MTLE patients using DTI 
(Liao et al., 2011). This study demonstrated damage in the white matter fibres linking the DMN 
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nodes. In addition to structural assessment, numerous fMRI studies on MTLE (as indicated in 
previous chapters 3 & 4) reported alteration in functional connectivity in mesial temporal lobe 
networks and resting state networks such as DMN and DAN. (Morgan, Gore, and Abou-Khalil 
2010, Waites et al. 2006; (Pittau et al., 2012, Zhang et al., 2010, Kobayashi et al., 2006, Laufs et al., 
2007b, Fahoum et al., 2012).  
 
Despite the agreement between structural changes and areas showing functional connectivity 
changes, direct correspondence between functional connectivity and structural integrity has been 
extensively studied. Correspondence between functional and structural networks has been shown in 
MTLE patients. Voets et al. (2012) have shown that in a group of patients with MTLE, there was 
consistent agreement between brain regions having abnormally reduced functional connectivity of 
the parahippocampus, frontal and temporal neocortical areas associated with abnormal white matter 
connection with these regions (Voets et al., 2012). Moreover, a combined fMRI and diffusion tensor 
imaging study showed structural damage in DMN nodes relevant to the abnormal connectivity seen 
fMRI of MTLE patients (Liao et al., 2011). However, a recent study combining EEG-fMRI 
investigated inter-ictal spike related BOLD signal changes and structural abnormalities in two 
groups of patients with MTLE; with hippocampal sclerosis, and normal hippocampus demonstrated 
that brain regions showing hemodynamic signals are not consistent with the regions revealing the 
most significant structural changes in both groups (Coan et al., 2014a). This finding indicates that 
abnormal change in a certain structure may not always contribute to the connectivity changes 
observed within the network involving this structure.  
 
As mentioned earlier, previous studies concentrate on either functional connectivity changes, 
structural deficits or finding consistent patterns between functional and structural changes relating 
to MTLE. However, to our knowledge, how do these functional networks are correlated with their 
structural substrate has not been investigated. Understanding the structural-functional correlation 
might implicate that the structural changes impact the altered functional connectivity or vice versa. 
This study has two aims:  1. To assess structural changes of hippocampal and resting state nodes 	  2. To examine how these structural changes relate to the functional connectivity pattern in 
MTLE. 	  
Here, we hypothesized that in MTLE patients, there would be gray matter differences in volumes 
and/or thickness of hippocampi and the main nodes of DMN, SN and DAN when compared to 
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healthy controls. Furthermore, we hypothesized that these structural abnormalities would correlate 
with the functional connectivity changes in hippocampal and resting state network.  
Despite our inability to answer the question whether structural changes lead to changes in functional 
connectivity or vice versa, finding out whether volumetric changes in brain structures are correlated 
with functional connectivity maps is essential for establishing the bases of structural and functional 
connectivity changes associated with MTLE. Also, it would provide information about how certain 
structural variable (volume and/or thickness) impact the functional connectivity changes observed 
during rest, pre-spike and spike conditions. For example, if loss of hippocampal volume were 
highly correlated with the pre-spike hippocampal connectivity map, this would indicate that the 
volume of the hippocampus is important in recruiting the pre-spike network and consequently 
initiating inter-ictal spikes. These topological alterations consolidate our knowledge regarding the 
extent of network damage and may serve as markers for planning surgical treatment of MTLE, i.e. 
Identifying specific parameters of structural changes that can characterize the functional integrity of 
the epileptogenic brain in MTLE, that is, parameters which correlate with the functional 
connectivity pattern  
5.2 Methods 
5.2.1 Participants  
Subjects who participated in this study were the same from the previous two studies. For more 
details, refer to chapter 2 (section 2.5.1).  
5.2.2 Study procedure  
The study procedure in this study was the same from the previous two studies and is described in 
details in chapter 2 (section 2.5.2).  
5.2.3 EEG and fMRI Data Acquisition and preprocessing  
EEG and fMRI data acquisition and preprocessing for this study are described in detail in Chapter 
2.  
5.3 Analysis 
In this study, two types of analysis were conducted; (1) Structural analysis: was used to assess 
structural differences between MTLE and controls subjects in the hippocampal and delineated 
resting state networks; (2) Structural-functional analysis to assess function-structure covariance in 
the 3 states (rest, pre-spike and spike conditions) of the MTLE group. 
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5.3.1 Structural analysis 
MR Images were processed using FreeSurfer, which is an automated image analysis software 
(version 4.50, https://surfer.nmr.mgh. harvard.edu). In our study, the FreeSurfer package was used 
primarily to measure regional brain volumes and cortical thickness. The FreeSurfer procedure has 
been explained in detail elsewhere (Dale et al., 1999) and its accuracy, validity, and applicability 
have been extensively investigated (Han et al., 2006). Fundamentally, for evaluations of cortical 
thickness, FreeSurfer constructs boundaries between white and cortical gray matter to allow 
measurements of cortical thickness at each point on the cortex based on cortical-surface based atlas. 
A non-linear coregistration algorithm is used to align individual surfaces and cortical folding to this 
atlas.  
In another independent step, volume measurement of cortical and sub-cortical structures is done by 
affine registration with Talairach space to increase the accuracy of segmentation. Then, variations 
in signal intensities are assessed using a different algorithm followed by volumetric labeling. The 
final segmentation process depends on subject-specific measured values and a probabilistic atlas, 
built from labeled data of a set of subject brain surfaces and volumes. These labels are then assigned 
to a common space to maximize matching points for all subjects.  
In the current study, we conducted unbiased volumetric analysis using FreeSurfer to assess 
structural differences between MTLE and control groups. Specifically, we examined structural 
changes in volume of the hippocampi, as well as in the volume and thickness of main nodes of 
default mode, salience, and dorsal attentional networks, namely, prefrontal cortex (PFC), posterior 
cingulate cortex (PCC), and medial temporal gyrus (MTG) for DMN, insula and anterior cingulate 
cortex (ACC) for salience network, and intraparietal sulcus (IPS) and frontal eye field (FEF) for 
dorsal attentional networks. These structural variables were then used in the subsequent analysis. 
Briefly, the FreeSurfer analysis included averaging T1-weighted anatomical images, removing non-
brain structures, conversion to Talairach space coordinates, segmentation of white and gray sub-
cortical tissue, and parcellation of cortical surface. These steps improve resolution for the 
delineation of cortical and sub-cortical brain regions, and maximum quantification of structural 
thickness and volumes of these regions across the whole brain. All surfaces were visually examined 
at different stages of FreeSurfer’s processing stream for accuracy. Any detected geometric 
inaccuracies were manually corrected as recommended by the FreeSurfer guidelines. To correct for 
each volume structure relative to intracranial volume among different subjects, each volume value 
was divided by the total intracranial volume of that subject, giving a percentage measure for the 
volume. Differences in cortical and sub-cortical thickness and volumes between MTLE and healthy 
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controls were directly tested using two-tailed t-test.  
5.3.2 Structure-function analysis 
Using PLS software (McIntosh and Lobaugh, 2004) (described in detail in chapter 2), structural-
functional correlation analysis was conducted. In particular, this correlation analysis was conducted 
between the volume of the left hippocampus and the functional hippocampal network, as well as 
between the volume/thickness of the aforementioned main nodes of the three RSNs and the 
functional connectivity of the networks. As we showed in chapter 4 that there were FC differences 
between the states (rest, pre-spike and spike, refer to section 3.2.5 for more details) periods, we 
assess the structure-function correlations for each period separately. 
In this study, we conducted (structure-function) PLS analyses by adding volume and/or thickness 
measures as a variable in the PLS connectivity analysis. We aimed to assess whether spike, pre-
spike or resting functional connectivity maps, defined in relation to the left hippocampus, and the 
main nodes of DMN (PFC, PCC and MTG), salience (insula, ACC) and dorsal attention networks 
(IPS, FEF), were related to the volume or thickness of these structures. The average BOLD signal 
intensity was extracted from each seed region (Table 4.1) in each epoch, then correlated with 
volume or thickness of seed structures using the PLS software. For example, signal intensity from 
the left hippocampus was extracted during pre-spike period and was correlated with the left and 
right hippocampal volume. Similar approach was applied to the DMN, SN and DAN seeds in each 
condition.   
5.4 Results 
5.4.1 Hippocampal Network 
5.4.1.1 Hippocampal structural analysis  
A two-tailed Student’s t-test indicated a significant difference between the volume of the left 
hippocampus between MTLE patients and controls (p < 0.05), with the MTLE patients showing 
smaller left hippocampal volumes (Figure 5.1 A). There were no significant differences in the 
volume of the right hippocampus between MTLE and controls (p > 0.05, Figure 5.1 B). However, 
in MTLE patients, there was significant difference between volumes of left and right hippocampi (p 
< 0.05, Figure 5.2 A) with the diseased left hippocampus being smaller than the right, whereas 
controls did not show any significant difference between both hippocampi (p > 0.05, Figure 5.2 B).  
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Figure 5.1 Hippocampal volume analysis between MTLE and controls groups. A) 
Difference in left hippocampal volume between MTLE patients and controls. B) Difference in right 
hippocampal volume between MTLE patients and controls. 
 
Figure 5.2 Hippocampal volume analysis within MTLE and control groups. A) Differences 
between left and right hippocampi in MTLE. B) Differences between left and right hippocampi in 
controls. 
5.4.1.2 Hippocampal structure-function analysis 
The structure-function analysis assessed whether activity in the left hippocampus during rest, pre-
spike and spike periods was correlated with the volume of the left hippocampus. This analysis 
yielded one significant negative covariance between left hippocampal activity during the pre-spike 
epoch and the left hippocampal volume (Figure 5.3 A,B). This result indicates that the smaller the 
hippocampal volume, the more the pre-spike network is recruited. The connectivity map correlating 
structural and functional analysis (Figure5.3 C) was quite similar to those seen when only the left 
hippocampal voxel intensity seeds were included in the analysis (Figure 5.3 D).  
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Figure 5.3 Structure-function hippocampal analysis. A) Correlation between left 
hippocampal signal intensity and volume during pre-spike period. B) Correlation between FC and 
left hippocampal volume during pre-spike period. C) Patterns of whole brain FC map during pre-
spike period in MTLE patients. D) Structural/functional correlation map (related to B) between FC 
maps in A and left hippocampal volume. 
5.4.2 Default mode network 
5.4.2.1 DMN structural analysis  
Comparing MTLE patients and controls, the thickness of bilateral PFC was significantly increased 
in the MTLE patient cohort (p < 0.05, p < 0.005, respectively, Figure 5.4) while PCC and MTG did 
not show any significant differences bilaterally (all p values > 0.05). There were no significant 
differences between right and left PFC, PCC, MTG in MTLE patients (p > 0.05).  
Conversely, the difference in the volume of the left PFG between patients and controls showed a 
trend (p = 0.06), with the left PFC being larger in MTLE patients (Figure 5.5). However, the 
volume of the left MTG was significantly smaller than the right MTG in MTLE patients (p <0.05).    
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Figure 5.4 DMN structural thickness analysis. Comparing thickness of left and right DMN 
nodes (PFC, PCC, and MTG) between MTLE patients and healthy controls. Error bars denote 
differences between means calculated by a two-sample t-test. Abbreviations: PFC, prefrontal 
cortex; PCC, posterior cingulate cortex; MTG, medial temporal gyrus; Lt, left; Rt, right; MTLE, 
mesial temporal lobe epilepsy.*, significant p-value < 0.05; **, significant p-value < 0.005. 
 
Figure 5.5 DMN structural volume analysis. Comparing volumes of left and right DMN 
nodes (PFC, PCC, and MTG) between MTLE patients and healthy controls. Error bars denote 
differences between means calculated by a two-sample t-test. Abbreviations: PFC, prefrontal 
* 
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cortex; PCC, posterior cingulate cortex; MTG, medial temporal gyrus; Lt, left; Rt, right; MTLE, 
mesial temporal lobe epilepsy. 
5.4.2.2 DMN structure-function analysis 
The structure-function analysis assessed whether activity in the DMN (i.e., regions functionally 
connected to PFC, PCC, and MTG) during rest, pre-spike and spike periods was correlated with 
was correlated with thickness and/or volume of the DMN nodes in MTLE patients.  
This correlation analysis showed that the activity within the DMN was strongly correlated with the 
thickness of the left and right MTG (negative correlation of r = -0.67 and r = -0.54 respectively) 
during pre-spike, but not with rest or spike conditions (Figure 5.6). This finding means that gray 
matter thinning of the MTG is highly associated with recruiting of the DMN during the pre-spike 
period.  
Interestingly, despite the insignificant change in the volume of PFC bilaterally, there was significant 
correlation between the connectivity within the DMN and the volume of left and right PFC during 
the pre-spike epoch (positive correlation of r = 0.64 and 0.9 respectively)(Figure 5.7). This 
correlation indicates that the larger the volume of the PFC, the more the DMN is recruited during 
the pre-spike period. 
 
Figure 5.6 DMN thickness structural-functional analysis. Correlation between activity within 
the DMN (seeded by PCC) and thickness of left and right PFC, PCC and MTG nodes during pre-
spike (yellow), spike (orange) and rest (blue) conditions in MTLE. Error bars denote 95% 
confidence intervals for the correlations calculated from the bootstrap procedure. Abbreviations: 
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PFC, prefrontal cortex; PCC, posterior cingulate cortex; MTG, medial temporal gyrus; Lt, left; Rt, 
right; MTLE, mesial temporal lobe epilepsy; *, significant correlation.  
 
Figure 5.7 DMN volume structural-functional analysis. Correlation between activity within 
the DMN (seeded by PCC) and volume of left and right PFC, PCC and MTG nodes during pre-
spike (yellow), spike (orange) and rest (blue) conditions in MTLE. Error bars denote 95% 
confidence intervals for the correlations calculated from the bootstrap procedure. Abbreviations: 
PFC, prefrontal cortex; PCC, posterior cingulate cortex; MTG, medial temporal gyrus; Lt, left; Rt, 
right; MTLE, mesial temporal lobe epilepsy; *, significant correlation.  
5.4.3 Salience network 
5.4.3.1 SN structural analysis  
Two-sample t-tests revealed that patients with MTLE showed thinning of the left insula relative to 
controls (p < 0.05), whereas for the left and right ACC, thickness measurements failed to show any 
significant difference between groups (Figure 5.8).  
Significant differences between patients and controls were revealed in the volume of the left and 
right insula as well as in the left ACC (p < 0.05), but not with right ACC, (Figure 5.9).  
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Figure 5.8 SN structural thickness analysis. Comparing thickness of left and right SN nodes 
(insula and ACC) between MTLE patients and healthy controls. Error bars denote differences 
between means calculated by a two-sample t-test. Abbreviations: Ins, insula; ACC, anterior 
cingulate cortex; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right; *, significant p-value < 
0.05.  
 
Figure 5.9 SN structural volume analysis. Comparing volume of left and right SN nodes 
(insulae and ACC) between MTLE patients and healthy controls. Error bars denote differences 
between means calculated by a two-sample t-test. Abbreviations: Ins, insula; ACC, anterior 
cingulate cortex; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right; *, significant p-value < 
0.05. 
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5.4.3.2 SN structure-function analysis 
The structure-function analysis assessed whether activity in the SN during rest, pre-spike and spike 
periods was correlated with was correlated with thickness and volume of the SN nodes in MTLE 
patients.  
This analysis showed that thickness of the SN nodes did not correlate with the activity within the 
SN during rest, pre-spike or spike epochs (Figure 5.10). However, there was a high negative 
correlation with the volume of insular nodes during the pre-spike period (r = -0.71, r = -0.78) 
(Figure 5.11), meaning that patients with smaller insula volumes show stronger FC in the SN during 
the pre-spike period/epoch. 
 
Figure 5.10 SN thickness structure-function analysis. Correlation between activity within the 
SN (seeded by ACC) and thickness of left and right insula and ACC nodes during pre-spike 
(yellow), spike (orange) and rest (blue) conditions in MTLE. Error bars denote 95% confidence 
intervals for the correlations calculated from the bootstrap procedure. Abbreviations: Ins, Insula; 
ACC, anterior cingulate cortex; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right. anterior  
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Figure 5.11 SN volume structural-functional analysis. Correlation between activity within the 
SN (seeded by ACC) and volume of left and right insula and ACC nodes during pre-spike (yellow), 
spike (orange) and rest (blue) conditions in MTLE. Error bars denote 95% confidence intervals for 
the correlations calculated from the bootstrap procedure. Abbreviations: Ins, insula; ACC, anterior 
cingulate cortex; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right; *, significant correlation. 
5.4.4 Dorsal attentional network 
5.4.4.1 DAN structural analysis  
Within the nodes of the dorsal attention network, we did not find any significant differences in the 
thickness of dorsal attention nodes (IPS and FEF) bilaterally between MTLE and controls (Figure 
5.12). However, there was a significant increase in the left IPS and right FEF volumes in MTLE 
patients relative to controls (p<0.05)(Figure 5.13). 
* * 
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Figure 5.12 DAN structural thickness analysis. Comparing thickness of left and right DAN 
nodes (IPS and FEF) between MTLE patients and healthy controls. Error bars denote differences 
between means calculated by a two-sample t-test. Abbreviations: IPS, intraparietal sulcus; FEF, 
frontal eye field; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right. 
 
Figure 5.13 DAN structural volume analysis. Comparing volume of left and right DAN nodes 
(IPS and FEF) between MTLE patients and healthy controls. Error bars denote differences between 
means calculated by a two-sample t-test. Abbreviations: IPS, intraparietal sulcus; FEF, frontal eye 
field; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right; *, significant p-value < 0.05 
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5.4.4.2 DAN structure-function analysis 
The structure-function analysis assessed whether activity in the DAN during rest, pre-spike and 
spike periods was correlated with thickness and volume of the DAN nodes in MTLE patients.  
This analysis revealed that during rest, the activity within the DAN was positively correlated with 
the thickness of IPS (left IPS; r = 0.42, right r = 0.71) and FEF (left FEF; r = 0.32, right; r = 0.38) 
(Figure 5.14). These findings indicate that patients with thicker IPS & FEF engage the DAN more 
during rest. However, during pre-spike and spike periods, no significant correlation between the 
activity within the DAN and the thickness of either IPS or FEF were revealed. 
Regarding DAN structure/function analysis, there was a positive covariance during rest between the 
activity within the DAN and the volume of the IPS bilaterally (left IPS; r=-0.66, right r=-0.7) 
(Figure5.15). Again, this indicates the high relevance between the IPS volume and the connectivity 
of the DAN during rest. Also, there was a positive correlation between activity within the DAN and 
the volume of left and right FEF volumes (r = 0.43, r = 0.49 respectively) during pre-spike. This 
finding implies that the pre-spike DAN connectivity is frequently engaged when there is larger FEF. 
 
Figure 5.14 DAN thickness structure-function analysis. Correlation between activity within 
the DAN (seeded by IPS) and thickness of left and right IPS and FEF nodes during pre-spike 
(yellow), spike (orange) and rest (blue) conditions in MTLE. Error bars denote 95% confidence 
intervals for the correlations calculated from the bootstrap procedure. Abbreviations: IPS, 
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intraparietal sulcus; FEF, frontal eye field; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right; 
*, significant correlation. 
 
Figure 5.15 DAN volume structure-function analysis. Correlation between activity within the 
DAN (seeded by IPS) and volume of left and right IPS and FEF nodes during pre-spike (yellow), 
spike (orange) and rest (blue) conditions in MTL. Error bars denote 95% confidence intervals for 
the correlations calculated from the bootstrap procedure. Abbreviations: IPS, intraparietal sulcus; 
FEF, frontal eye field; MTLE, mesial temporal lobe epilepsy; Lt, left; Rt, right; *, significant 
correlation. 
5.5 Discussion 
The purpose of this study was twofold: 1) to assess structural differences in the main nodes of the 
hippocampal and resting state networks (DMN, SN, and DAN) between MTLE patients and healthy 
controls; and 2) to examine how differences in structural integrity relate to functional connectivity 
patterns (structure-function covariance) during rest, pre-spike and spike periods in MTLE patients.  
We identified structural differences between MTLE patients and controls in the volume of the left 
hippocampus, as well as volume and thickness of the major nodes of the DMN, SN, and DAN. 
Specifically, there were significant differences in the thickness and volume of PFC, volume of 
MTG, thickness and volume of insula and volume of ACC, volume of IPS and FEF. Also, we 
showed that in MTLE patients, the pre-spike connectivity patterns in the hippocampal and RS 
networks covary significantly with the networks’ structural substrates, suggesting that the altered 
* * * * 
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FC changes, which we found within the hippocampal, default mode, salience and dorsal attentional 
networks prior to spikes, are related to gray matter changes in the nodes of these underlying 
structural networks.   
5.5.1 Hippocampal network 
In this study, MTLE patients showed significant loss of left hippocampal volume when compared to 
right hippocampal volume in the same group and when compared to the healthy control group. This 
finding is consistent with previous studies that have reported atrophy or sclerosis of hippocampal 
structure ipsilateral to presumed seizure focus (Liu et al., 2012, Serrano-Castro et al., 1998, 
Blumcke, 2009). In chapter 3, we showed that the coherence between hippocampi decreased 
dramatically in the seconds prior to the onset of inter-ictal spikes, which is in keeping with a role 
for altered inter-hippocampal interaction in the initiation of spikes. Here, we further examined how 
the left hippocampal volume contributes to the pre-spike connectivity in MTLE patients. Our results 
suggests that the smaller the volume of the ipsilateral hippocampus, the less coherence between the 
hippocampi during the pre-spike period, supporting our findings from previous study outlined in 
chapter 3. This might implicate that the altered hippocampal connectivity during pre-spike period is 
possibly a response to the small ipsilateral hippocampal volume, which consequently implies the 
role of altered hippocampal connectivity in the initiation of inter-ictal spikes. 
Previous studies reported the reduced functional connectivity between the hippocampus ipsilateral 
to the seizure focus with the contralateral hippocampus. However, it has been always a debate 
whether the reduced functional connectivity between the hippocampi are due to changes in firing 
patterns in the ipsilateral (abnormal) hippocampus, the contralateral hippocampus or to a complex 
desynchronized pattern of firing in both hippocampi. Nevertheless, this study indicates that the brief 
decoupling of the hippocampal network may reflect cellular loss in the sclerotic hippocampus. It 
has been always a debate how the sclerotic hippocampus with such a dramatic neuronal loss is able 
to produce by itself or interact with other network structures to produce epileptic seizures and 
spikes. The reduced number of neurons within the hippocampus causes an increase in the internal 
coherence of the survived neurons, which consequently generates spikes (Thom, 2014). This view 
was supported by the study that revealed synchronized activity in a very small group of neurons 
within the hippocampus occurs before the appearance of spikes. This synchronization may be 
sufficient to initiate spike generation, since the hippocampus is characterized by prominent 
excitatory connections (Miles and Wong, 1983).  
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5.5.2 DMN 
Compared to controls, MTLE patients showed a significant increase in the thickness and a trend of 
enlarged volumes of the PFC bilaterally. Also, there was significant reduction in the volume of the 
left MTG when compared to the right MTG in MTLE patients. The DMN structural /functional 
correlation analysis indicated that thickness of MTG and the volume of PFC were highly associated 
with recruiting the pre-spike network within the DMN.  
Abnormalities in the thickness and volume of the PFC have been previously reported in MTLE 
patients in relation to high-order cognitive deficits as well as to the activity of DMN (Butler et al., 
2012, Pittau et al., 2012, Laufs et al., 2007a, Zhang et al., 2010). PFC has bidirectional connection 
to the mesial temporal structures (Rolls and Grabenhorst, 2008, Butler et al., 2012). The presence of 
this anatomical connection provides a pathway by which inter-ictal spikes and seizures could 
participate in the chronic neuronal changes in the PFC structure causing abnormally enlarged 
volume of the PFC bilaterally in MTLE patients. PFC structural changes may be secondary to 
abnormal neuronal migration from chronic seizures, yet, the exact mechanism is not clear (Eriksson 
et al., 2005, Eriksson et al., 2004). The structural changes in the PFC may explain findings from 
previous chapter, which demonstrated decreased connectivity within the PFC in MTLE patients 
during rest and pre-spike period. These finding were in agreement with (Yuan et al., 2013), who 
have shown that during rest, there was decreased functional connectivity within the DMN, 
especially in the prefrontal cortex. Also, Takaya et al. (2006) has demonstrated prefrontal 
hypometabolism using (FDG) PET in patients with MTLE and frequently occurring seizures. In this 
study, we also demonstrated that the enlarged PFC significantly contributes to the recruitment 
DMN during the pre-spike condition (Takaya et al., 2006). Although it is unclear whether structural 
changes in PFC is due to or the cause of inter-ictal spikes, correlating the enlarged PFC to the pre-
spike period support the role for altered DMN connectivity in the initiation of spikes. Taken 
together, it can be suggested that the vulnerability of PFC to seizures and IES propagation as a 
result of its anatomical connection to mesial temporal lobe structures may cause the abnormally 
enlarged PFC, in which cellular the components contributing to these changes are unlikely to be 
normally-functioning neurons or glia. The enlarged PFC may explain the hypometabolism in MTLE 
patients in PFC as well as our demonstration of the abnormal connectivity pattern in the DMN 
during pre-spike condition.,  
In addition to our findings regarding PFC, the volume of the left MTG was significantly smaller 
than the right MTG in MTLE patients. This finding is consistent with previous studies that 
demonstrated MTG atrophy ipsilateral to HS in MTLE patients (Moran et al., 2001, Coan et al., 
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2014b). Using the combined EEG-fMRI technique, MTG has been reported to be involved at the 
time of temporal lobe spikes in MTLE patients (Kobayashi et al., 2009).  Also, (Bartolomei et al., 
2008a) have identified the MTG as region that potentiates the generation of seizures and spikes in 
medically refractory MTLE. Our findings have shown that thinning of the ipsilateral MTG covaries 
with the recruitment of the DMN during the pre-spike. This may indicate that the abnormal thinning 
of the MTG ipsilateral to the side of presumed seizure focus (left MTLE) motivates the decreased 
connectivity of the DMN during pre-spike state.  
Collectively, structural changes in the PFC and MTG (main nodes of the DMN) along with the high 
correlation of these structural abnormalities with the connectivity changes within the DMN during 
pre-spike period be interpreted as a confirmation of the involvement of the DMN (functionally and 
structurally) in the initiation of inter-ictal spikes. 
5.5.3 Salience network  
For the SN, we examined the structural changes in thickness and volume of the main nodes of this 
network (insula and ACCs). Significant reduced thickness of the left insula was demonstrated when 
compared to controls. Also, there was significant decrease in the volume both insula and the left 
ACC in MTLE patients when compared to controls. Furthermore, structural-functional analysis 
revealed that the smaller the volume of the insula, the higher the recruitment of the SN during pre-
spike period.  
Previous works provided evidence that SN, in which the insula and ACC are functionally 
connected, mediates function of other networks, such as the attention network, and is important in 
detecting salient stimuli (Menon and Uddin, 2010, Fox et al., 2005). As indicated in chapter 4, inter-
ictal spikes are considered endogenous stimuli, and therefore, we aimed to investigate the role of 
this network in relation to the generation of inter-ictal spikes.  
 The insula (a major node for the SN) is structurally connected to the temporal lobe by white matter 
fibre tracts (Kucukyuruk et al., 2012). Bernhardt et al have analysed cortical thickness in temporal 
lobe epilepsy and demonstrated widespread decreases in grey matter volumes in structures 
including the ipsilateral MTG, the hippocampus and the insula (Bernhardt et al., 2010). Also, some 
fMRI studies in MTLE detected haemodynamic changes related to inter-ictal spikes that extend to 
extra-temporal structures including the insula. Our structural results are in agreement with this study 
demonstrating the significant loss of volume and thickness of the ipsilateral insula. These data along 
with the impaired functional connectivity of SN during rest indicate the involvement of the SN in 
MTLE, which reflect the defect in processing salient stimuli. It is still unclear whether SN causes 
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the generation of seizures and inter-ictal spikes or if is affected by epileptiform activity in MTLE. 
Previously, it was proposed that this structural abnormality may be due to seizure propagation 
causing injurious effect to the insula. This view was supported by Isnard et al. (2001) study that has 
shown that mesial temporal lobe seizures invade the insular cortex. However, another study 
demonstrated that in some cases, seizures originate from the insula itself (Isnard et al., 2000). 
During pre-spike period, structural/functional analysis revealed that the activity in the SN was 
negatively correlated with the volume of the insula, which indicate that the SN during pre-spike 
network is recruited largely when the insula are atrophied. This finding may support the evidence 
from Isnard et al. (2000) that reported the potential role of insula in generating seizures (Isnard et 
al., 2000). It is yet to be determined whether the loss of functional coherence within the SN prior to 
spikes is due to structural abnormality of the insula or vice versa.  
5.5.4 Dorsal attentional network  
In addition to DMN and SN, we investigated the thickness and volume changes within the main 
nodes of the DAN (IPS and FEF) and how do these structural variables correlate with the activity of 
the DAN during rest, pre-spike and spike states in MTLE patients. Compared to controls, MTLE 
patients revealed significant increases in the volume of IPS and FEF bilaterally. Structural-
functional correlation results revealed that during pre-spike, there was positive correlation between 
the activity of the DAN and the thickness of the FEF but not the IPS, indicating that the recruitment 
of the DAN during the pre-spike period may be dependent on the thickness of the FEF.  
The DAN is known to be involved in higher-order cognitive tasks such as the working memory and 
executive tasks (Corbetta and Shulman, 2002). Previous studies have demonstrated impairment of 
the dorsal attention network in MTLE patients during task execution as well as during rest (Yang et 
al., 2010, Zhang et al., 2009) similar to what we found in chapter 4. The abnormal connectivity 
pattern within the DAN may be related to our finding of enlarged DAN nodes volumes in MTLE 
patients. 
Anatomical connections between the main nodes of the DAN (IPS and FEF) and the temporal lobes 
have been described elsewhere (Makris et al., 2013), which may explain the abnormal increase in 
the cellular component of these structures. These abnormal structural changes in the DAN nodes 
may, therefore results as an effect of the disease, similar to what we found in PFC of the DMN.  
Also, it can be postulated that the abnormal structural changes may be involve in the generation of 
the inter-ictal spikes. This hypothesis is supported by findings from chapter 4 that revealed the 
significant decrease in connectivity within the DAN few seconds prior to spikes. Also, when 
 85 
correlating the connectivity of the DAN to the volume of their structural substrates during pre-
spike, there was a positive correlation indicating the potential increase of disruption of this network 
during pre-spike when associated with abnormally enlarged volumes of FEF. These results may 
denote the role of DAN, specifically the FEF, that could play in initiating interictal spikes in MTLE 
patients. However, the mechanism by which structural changes in the FEF may contribute to the 
loss of coherence within the DAN during pre-spike period is not well revealed.  
 
5.6 Conclusion 
Our findings support the involvement of structural changes of RSN (DMN, SN, and DAN) nodes in 
the functional connectivity alterations within these networks in patients with MTLE when compared 
to controls. Also, there was significant correlation between the structural abnormalities of the main 
nodes of RSN, specifically, PFC, MTG of DMN, insula of SN, and FEF of the DAN, and reduction 
in functional connectivity prior to the onset of spikes. However, it is still difficult to decide whether 
these structural changes primarily contribute to the generation of seizures and spikes, whether they 
co-exist or are secondary effects of the disease itself. Our data reveal the involvement of these 
structural changes in the abnormal connectivity pattern within DMN, SN, and DAN during pre-
spike period, providing new insight regarding the generation of inter-ictal spikes in MTLE.  
Future studies, perhaps using MR spectroscopy, may better define the nature of this thickening and 
enlargement contributing to the dis-functioning of these networks prior to spikes in MTLE patients. 
MR spectroscopy is a non-invasive diagnostic method for measuring bio-chemical changes in the 
brain, in which each metabolite appears at a specific ppm, and each one reflects specific cellular and 
biochemical processes. Therefore, this method can be used to specifically identify metabolites 
related to structural brain thickness and volume enlargement.  
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Chapter Six: General discussion and conclusion 
6.1 Introduction  
The experiments presented in this thesis investigated novel mechanisms underlying the genesis of 
inter-ictal spikes in patients with MTLE. The broad aim of this thesis was to assess functional 
connectivity changes and structural correlations in relation to inter-ictal spikes. Identifying 
connectivity networks changes will undoubtedly lead to a better understanding of the functional 
organisation of the brain in patients with MTLE. Information from this thesis may assist in surgical 
planning through the recognition of the brain regions crucial in producing seizures. These critical 
areas may serve as pharmacological targets to be investigated.  
The experiments reported in this thesis were, to the best of my knowledge, the first to report 
functional connectivity changes immediately prior to the appearance of inter-ictal spikes on EEG in 
MTLE patients and their correlation to structural substrates.  
In this final chapter, the findings from the three experiments will be reviewed. Some possible 
implementations of the findings from this thesis for clinical and research purposes will then be 
explored, whilst addressing possible limitations. The conclusion of this thesis will emphasize the 
importance of the novel findings reported here.  
6.2 Summary of key findings 
The three experiments reported here identified altered hippocampal and resting state networks 
through functional connectivity changes in patients with MTLE compared to controls, and in 
relation to inter-ictal spikes. Together, these experiments demonstrated consistent findings that 
elucidated novel characteristics of functional connectivity changes prior to the appearance of inter-
ictal spikes.   
Chapter 3 aimed to investigate functional connectivity changes immediately prior to the appearance 
of inter-ictal spikes on EEG in MTLE patients. From this experiment, it was concluded that there is 
reduced ipsilateral hippocampal activity, and the loss of bilateral hippocampal functional 
connectivity immediately before the appearance of electrographic spikes. The results of this study 
described novel information the generation of inter-ictal spikes by demonstrating the altered 
hippocampal functional connectivity changes prior to spikes. Moreover, we showed that the pre-
spike connectivity pattern is related to seizure frequency, suggesting that the altered functional 
connectivity changes prior to spikes is influenced by the duration of time lapsed from last seizure.   
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These findings may provide insights about the patho-physiological state of mesial temporal lobe 
structures underlying the genesis of spikes. Therefore, in the subsequent experiment, the 
experimental design from the chapter 1 was manipulated to determine if examining resting state 
networks in MTLE improve identification of altered functional connectivity within the epileptic 
brain, and whether they are involved in the generation of inter-ictal spikes.  
Chapter 4 aimed to establish whether functional connectivity within RSNs including DMN, salience 
and dorsal attention networks are abnormal during rest and altered prior to the appearance of inter-
ictal spikes on EEG. It was found that the resting state networks were affected in MTLE, which was 
in agreement with previous literature studying the effects of temporal lobe epilepsy on resting state 
networks using similar fMRI approaches (Cataldi et al., 2013, Zhang et al., 2010, Zhang et al., 
2009). We further extended upon the literature about how these resting state networks are altered in 
relation to and contribute to the generation of inter-ictal spikes.   
Consistent with the aim of exploring functional connectivity changes within hippocampal and 
resting state networks in the epileptic brain, the experiment described in Chapter 5 identified the 
structural substrate changes that correlate with functional connectivity maps described in previous 
chapters. Our results revealed that the presence of atrophied or sclerotic ipsilateral hippocampus 
was highly correlated to the recruitment of the pre-spike network. Also, some of the major 
structural nodes of the examined RSNs highly correlate with functional connectivity changes in 
MTLE patients. Within the DMN, the enlarged ipsilateral PFG and reduced volume of the MTG 
were positively correlated with the decreased DMN connectivity during pre-spike period. The 
salience network is recruited largely during rest when the volumes of the insula are enlarged, 
however, the recruitment of this network is shifted toward the pre-spike period with smaller insula. 
Finally, the dorsal attentional network was highly correlated with the thickness of both IPS and FEF 
bilaterally. Nevertheless, the recruitment of DAN during the pre-spike period is more related to the 
thickness of the FEF.   
Taken together, these experiments demonstrated significant findings regarding the pre-spike period 
and the initiation of inter-ictal spikes. The major conclusions found from this work include 1) loss 
of bilateral hippocampal coherence immediately before the appearance of spikes, 2) altered 
functional connectivity of resting state networks (DMN, SA and DAN) at rest and prior to the 
appearance of spikes, and 3) structural correlations with functional connectivity maps. These 
findings emphasize the importance of inter-ictal spike activity in MTLE, the significance of pre-
spike period in initiating spikes, and the presence of altered functional connectivity of resting state 
networks in the brain of MTLE patients, which will be discussed in turn.  
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6.3 Importance and specificity 
6.3.1 Importance of inter-ictal spikes 
In the literature there is a clear emphasis on the importance of inter-ictal spikes in the diagnosis of 
epilepsy and effectiveness of surgery (Avoli et al., 2006, de Curtis and Avanzini, 2001). 
Additionally, inter-ictal spikes play a major role in the development of seizures and epileptogenesis; 
the process leading to the progression of an epileptic condition. One of the most pertinent issues in 
MTLE disorder is how to accurately define the nodes contributing to the generation of seizures and 
spikes. Seizures are the main burden of the epilepsy disease either directly or indirectly (Wyllie, 
2006). Therefore, it would be more sensible to examine patients during seizures. But practical 
issues limiting the ability to collect quality data often prevent the occurrence of ictal studies. 
Simultaneous EEG/fMRI has faced some practical problems when patients during the ictal state 
were studied (Hamandi et al., 2004). It was found that it is unpractical to keep patients with clinical 
seizures or with impaired consciousness inside the MR scanner, as this would preclude important 
information in the fMRI images. Therefore, more current simultaneous EEG/fMRI studies of 
epilepsy concentrate on the identification of inter-ictal spikes (non-clinical events) combined with 
complicated artefact removal methods (Ritter and Villringer, 2006, Stern, 2006). As mentioned in 
Chapter 3, there is growing evidence that the neural networks involved in the generation of inter-
ictal spikes may be a reliable estimator of the network that generates seizures (Janszky et al., 2001, 
Hufnagel et al., 2000). However there is no straightforward relationship between inter-ictal spikes 
and spontaneous seizures. In human research, in-vitro recordings in chronic and acute models of 
focal epilepsy showed that different neuronal populations generate inter-ictal and ictal discharges 
through distinctive cellular and network mechanisms (Spencer and Spencer, 1994, Avoli and 
Williamson, 1996).  
Despite the argument of the discrepancy of underlying mechanisms of seizures and spikes may be 
different, neuronal networks generating these electro-physiological signals overlap (Wendling et al., 
2012). Therefore, our finding regarding the initiation of inter-ictal spikes may be related to seizure 
activity but this is not conclusive. The procedure utilized in the present thesis regarding inter-ictal 
spikes was not directly compared to seizures. We anticipated that the results reported here will 
provide an impetus for future applications in the assisting surgical planning through the recognition 
of the brain network regions crucial in producing spikes and perhaps seizures.  
6.3.2 Specificity of pre-spike period 
The common findings outlined in this thesis are the hippocampal and resting state network 
connectivity is altered during pre-spike period in MTLE patients when compared to healthy 
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controls. Our data allow us to make conclusions about differences between MTLE and non-epileptic 
subjects. However, whether pre-spike connectivity differs between MTLE and other forms of focal 
epilepsy remains questionable.  
As mentioned earlier in this thesis (chapter 1), focal epilepsies account for 60% of all epilepsies 
(Tellez-Zenteno and Hernandez-Ronquillo, 2012, Panayiotopoulos, 2012). In the focal epilepsies, 
seizures may arise from different brain regions; yet the clinical expression of seizures may be 
identical. This may indicate the presence of a common pathway or network for seizure evolution 
and expression, despite the presence of different seizure onset locations. Even when seizures arise 
from the same region but are due to different pathologies e.g. temporal lobe epilepsy (TLE) may 
arise from either hippocampal sclerosis (HS) or tumour, however patients can present with similar 
seizures (Richardson, 2012). This may indicate that seizures emerge from different micro-scale 
mechanisms to a common large-scale mechanism. 
In fact, previous animal studies on models of focal epilepsy have identified a region called ‘area 
tempestas ’ within the piriform cortex that play an important role in modulating seizure generation 
and propagation (Yantis et al., 2002, Devinsky, 2005). This area is spatially independent of the 
seizure focus. Piriform cortex has unique associative fibre connections to and from limbic 
structures, which might be of importance in initiating and spreading focal seizures from a particular 
focus. 
Few studies have translated these findings into human research (Kelley et al., 2008, Flanagan et al., 
2014). Lauf et al. (2011) have identified an area of activation within the human piriform cortex in a 
group of patients with focal epilepsy using two different modalities, EEG/fMRI and PET. Similar 
findings have been revealed by Jackson’s group using EEG/fMRI. Thus, despite the heterogeneity 
of focal epilepsies, the identification of the piriform cortex as a common node in human inter-ictal 
spike generation provides an important confirmation of the postulate networks revealed by the 
animal models of focal epilepsy describing the area tempestas. This may indicate that in a 
heterogeneous group of focal epilepsies, the piriform cortex is a common network node of spread 
and/or regulation of inter-ictal spikes and seizure generations. This evidence from previous findings 
raises the possibility of similar pattern of pre-spike connectivity in temporal and extra-temporal 
focal epilepsy. Therefore, future work comparing MTLE to other types of focal epilepsy may be 
warranted.  
6.3.3 Functional connectivity analysis 
There are several methods that can be used to analyze resting state functional connectivity data, 
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each with its own inherent benefits and drawbacks (Lee et al., 2013). In this study, we used a seed-
based approach for mapping functional connectivity and identifying resting state networks. Seed-
based analysis entails the selection of an a priori seed region, average BOLD signal intensity time 
course within this region and correlating it with the time courses from every other brain voxel 
(Golestani and Goodyear, 2011). Voxels that survive a certain threshold is considered significantly 
correlated or coupled with the seed region. We intended to use this approach as it has been used in 
previous studies investigating epilepsy. For example, Liu et al. (2009) examined the sensorimotor 
network in epileptic patients who had lesions close to the sensorimotor nodes utilizing resting state 
fMRI (Liu et al., 2009). They were able to successfully localize a sensorimotor network using seed-
based analysis, which was in agreement with findings from task-based fMRI cortical stimulation 
intra-operative data. Another study by Stufflebeam et al. (2011) investigated 6 patients with focal 
epilepsy using resting state fMRI to identify epileptogenic areas causing seizures (Stufflebeam et 
al., 2011). Results from their study revealed increased connectivity in areas overlapping with 
epileptogenic regions identified using intracranial EEG recording. These findings indicate the 
sensitivity and reliability of our approach using seed-based connectivity analysis in relation to 
functional changes associated MTLE. In Chapter 4, using the seed-based approach, we were able to 
identify resting state networks (DMN, SN and DAN) in healthy controls as well as in MTLE 
patients during rest, similar to what has been found in many previous studies. The findings reported 
here complement and extend this previous literature by showing novel data on how the pre-spike 
period influences connectivity patterns and the coherence of the hippocampi bilaterally and the 
examined RSNs.   
Other methods exist for analyzing functional connectivity and resting-state data, including 
independent component analysis (ICA), graph methods, and clustering algorithms. ICA is a 
mathematical procedure that statistically maximizes independence between its various components, 
and therefore, can spatially identify different RSNs (Beckmann et al., 2005, Damoiseaux et al., 
2006). ICA is different from seed-based approach as it does not require a priori seed assumptions, 
which may bias the results. However, it sometimes does not differentiate important physiological 
signal from noise, which forces the user to manually or automatically distinguish between 
components (Tohka et al., 2008).  
Despite the differences between the two methods, few studies showed that the results of seed-based 
analysis and ICA are significantly similar when applied to healthy subjects (Joel et al., 2011, 
Rosazza et al., 2012). Rodionov et al. (2007) used ICA to identify epileptiform activity in fMRI 
datasets obtained from patients with medically intractable focal epilepsy (Rodionov et al., 2007). 
Results from this study found that in some patients, there was concordance between at least one 
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component of ICA and spike-related BOLD activation. For further research, it might be worth 
studying pre-spike connectivity of resting state networks in MTLE using data-driven approach to 
eliminate the possibility of bias using an a priori region. Also, it may be useful in detecting spikes 
and therefore, pre-spike changes not visible on scalp EEG.  
Another way for analyzing resting state functional connectivity is Graph theory approach.  Graph 
theory views structural brain networks as sets of nodes representing brain regions that are connected 
by edges denoting connectivity (Bullmore and Sporns, 2009). After modeling the brain as a 
complex network, numerous graph metrics can be used to explore the organizational mechanisms 
underlying the relevant networks. Graph theory based functional connectivity analysis differs from 
other analyses as it facilitate the visualization of the overall connectivity configurations among all 
the specified brain regions (small-world networks) as well as the quantification of whole brain 
connectivity patterns that describe the global organisation (van den Heuvel et al., 2008). A graph 
matrix can be defined in terms of local clustering coefficient, which represent the connection 
between nearby nodes (subgraphs), and path length, which is the length between any pair of nodes. 
For example, a small world network can be described as a high clustering coefficient and low path 
length (Watts and Strogatz, 1998, Sporns et al., 2007). This method has been also used to explore 
regions involved in the epileptogenic network in MTLE (Zhang et al., 2011). A recent study by 
Chiang et al. (2014) demonstrated reduced functional connectivity of the limbic structures 
ipsilateral to the presumed epileptic side, which was more pronounced in right TLE (Chiang et al., 
2014). In left TLE, however, edge-wise and small-world topological changes were observed 
suggesting propensity towards re-organisation. Thus, applying this graph theory analysis on pre-
spike connectivity would explore further information about the reconfiguration and re-organisation 
of brain networks in MTLE, which would give important diagnostic and prognostic implications.  
Studies to date are promising, however, further work is mandatory before applying functional 
connectivity fMRI approach routinely in the clinical setting. Also, more effort is needed to compare 
the different analytical methods and their sensitivity and specificity in detecting different disease 
states and pathological mechanisms especially in individual subjects.  
 
6.4 Clinical implications  
Previously, the principle aim for analysing inter-ictal spikes was to localise areas generating these 
epileptic discharges in the context of pre-surgical evaluation (Salek-Haddadi et al., 2006, Liu et al., 
2008, Zijlmans et al., 2007) and later on in studying large-scale networks dynamics (Laufs et al., 
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2007a, Fahoum et al., 2012). Using EEG-fMRI to perform resting state FC, this study highlighted 
some neuronal networks changes associated with MTLE. These networks may delineate 
impairments or compensatory mechanism to functional and/or structural abnormalities in the brain 
of MTLE patients. In addition, these changes may underline the cause of seizures and spikes or play 
part of the disease process and clinical manifestations such as cognitive impairments. Using 
functional connectivity approach to analyze EEG-fMRI acquired data has been successfully used as 
a research tool to determine the influence of spikes on different brain networks during rest 
(Kobayashi et al., 2006) or while performing specific tasks (Chaudhary et al., 2013). However, 
results from these methods haven’t yet been translated to use in clinical practice (Fox and Greicius, 
2010).  
Recent studies aimed to improve the clinical utility of these methods as non-invasive tools in 
temporal lobe epilepsy (Hauf et al., 2012). Some researches investigated the applicability of EEG-
fMRI and FC in pre-surgical evaluation of medically refractory cases of focal epilepsy, and as post-
surgical prognostic tools to predict the surgical outcome. For example, Stufflebeam et al. (2011) 
examined the utility of resting fMRI as a non-invasive method for localizing epileptic discharges in 
patients with medically intractable epilepsy (Stufflebeam et al., 2011). They found that the network 
of disrupted FC fell within a 5-mm radius of the intra-operative EEG recording. Another study 
evaluated the possibility of DMN connectivity to predict the degree of cognitive impairment post-
surgically in MTLE (McCormick et al., 2013). In patients with left MTLE who showed high FC 
between PCC and ipsilateral hippocampus prior to surgery, have demonstrated greater verbal 
memory deterioration following surgical removal of the left temporal lobe, whereas no post-surgical 
decline was correlated with the increased FC between PCC and the contralateral hippocampus.   
While findings from this study may not be directly translated to clinical practice, they can provide 
direction to future clinical research. In addition, as many researchers and clinicians prefer to 
correlate resting state FC abnormalities with clinical variables such as duration of the disease and 
age of onset (Fox and Greicius, 2010), this study demonstrated the relationship between pre-spike 
hippocampal connectivity and seizure recency as a clinical variable. Such correlation increases the 
confidence that pre-spike findings are clinically relevant.  
As mentioned earlier, inter-ictal spikes may play a significant role in the process of epileptogenesis. 
Thus, understanding the mechanism underlying the generation of this epileptic activity may help 
future research in developing directed treatments to supress these inter-ictal spikes, to be used as a 
monitor to treatment effect or for post-surgical prognosis. For example, normalisation of 
hippocampal and resting state network abnormalities during rest and pre-spike period using drug 
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treatment may help pharmacological companies to choose which drug to bring to clinical trials. 
Targeting structures involved in the pre-spike loss of coherence within the hippocampal network as 
well as main nodes of DMN, SN and DAN may be one way to decreases the frequency of inter-ictal 
spikes that can be monitored by evaluating spike frequency and pre-spike networks coherence post-
surgically.  
Validation of these suggestions could be established using animal models for MTLE such as 
kainate, or pilocarpine, model of HS. Animal models have shown to be useful in investigating 
networks connectivity as well as monitoring the underlying brain activity with high temporal and 
spatial coverage to address mechanisms underlying the generation of inter-ictal spikes, seizures and 
the process of epileptogenesis at cellular level (Pittau et al., 2014). Evidence from previous work 
emphasizes the ability to modify the network dynamic, or configuration that characterizes, and 
sometimes precedes or even predicts an epileptic activity. For instance, Wang et al. (2012) 
examined FC between hippocampi in induced-TLE rat model and demonstrated decline in 
connectivity preceding status epilepticus induced by pilocarpine injection (Wang et al., 2012a). 
Another study by Gong et al. (2014) investigated the alteration in hippocampal network 
configuration in an in-vitro model of TLE with HS using graph theory FC analysis (Gong et al., 
2014). Results from Gong’s et al. study showed modifications in network configuration prior to the 
appearance of epileptic discharges and continued even after depletion of these events. Observations 
from these studies indicate the possibility of identifying certain network regions as biomarkers and 
are targeted for treatment.  
To conclude, perceiving MTLE as a network disease has therapeutic sequels, as any node within the 
MTLE networks can be a potential target for treatment. It is recommended to utilize animal research 
to manipulate therapeutic interventions. Translation of findings from this study through animal 
experiments and clinical perspective via human studies would provide better insights to understand 
the mechanisms underlying the genesis of inter-ictal spikes, and possibly seizures, and develop 
more effective managements (medically and surgically) to treat epilepsy.  
 
6.5 Limitations 
While most functional connectivity studies have shown consistent finding of resting state networks 
among healthy people during rest and task fMRI, there are still inconsistent findings in disease 
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states. Inability to control clinical variable such as age of onset, duration of the disease type of anti-
epileptic medication may preclude some important information 
Another limitation may be related to that the analytical methods used in this study (PLS and 
FreeSurfer) lack the sensitivity at the individual subject level. For example, identifying structural 
abnormalities and delineating the degree of pathology at the individual subject level may offer a 
clinical benefit for patients. However, whether or not structural abnormalities identified in this 
study contribute to pre-surgical assessment of MTLE patient necessitates further investigation of its 
association to clinical outcomes. In addition, implementing FC analysis techniques for purposes 
such as clinical diagnosis and prognosis requires future studies to be confirmed and validated by 
invasive studies and follow up examinations prior to their reliable use in clinical setting and 
management of individual subjects.   
6.6 Conclusion  
This thesis set out to expand our knowledge of mechanisms generating inter-ictal spikes. Our 
findings provide novel insights into the functional organisation and structural correlates of the 
MTLE brain. The broad aims of this thesis were to investigate the alteration in functional 
connectivity within different brain networks (hippocampal and resting state networks) in relation to 
inter-ictal spikes, and if structural substrates of these network affect the connectivity maps.  
Together, the findings reported here demonstrate that the alteration in connectivity between 
hippocampi and within the examined resting state networks during pre-spike period may contribute 
to the generation of inter-ictal spikes. Structural (thickness or volume) changes of the main nodes of 
these networks influence the coherence patterns in MTLE patients during rest and prior to spike 
appearance on EEG.  
The studies presented here may enhance our understanding of the mechanisms involved in 
generating spikes, and therefore, seizures. These findings demonstrated that inter-ictal spikes are 
preceded by loss of bilateral hippocampal coherence and decreased connectivity within DMN, SN, 
and DAN. It is anticipated that this thesis will motivate further research in investigation 
connectivity changes of brain networks in epilepsy and other diseases, and validate its use in 
clinical applications.  
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Appendix 1: Basis of the EEG signal 
The EEG signal is a representation of the electrical activity of cortical neurons in the brain 
(Olejniczak, 2006). Neurons are highly involved in information processing, transmitting 
information via chemical and electrical signaling. The basic unit of neuron firing is the action 
potential. At rest, the active exchange of ions between intracellular and extracellular compartments 
polarizes the cell plasma membrane, maintaining a voltage difference of approximately -70 
millivolts. Synaptic activity generated by chemical signaling from other (pre-synaptic) neurons 
causes the membrane to depolarize. When depolarization reaches the threshold potential 
(approximately -55 millivolts) an action potential is initiated. This rapidly increases the membrane 
voltage to approximately + 40 millivolt, which propagates along the axon to the dendrites, where it 
initiates neurotransmitter release (Lopes de Silva FH, 2005). Excitatory neurotransmitters such as 
glutamate increase inward flow of positive ions to neurons producing depolarization or an 
excitatory postsynaptic potential (EPSP). The release of inhibitory neurotransmitters such as gamma 
amino-butyric acid (GABA), conversely, produce an opposite effect to excitatory transmitters and 
produce repolarization and inhibitory postsynaptic potential. Depending on the type of released 
neurotransmitter, ion exchange between the intra and extracellular spaces creates current flow that 
underpins the EEG potential (John S. Ebersole, 2003). An important feature of the cortex is that it 
contains a large number of pyramidal cells, the primary excitatory neurons in the human brain.  
Pyramidal cells are aligned perpendicular to the cortical surface, so that when a large number of 
them fire, the electrical potentials do not cancel each other out. Rather, they sum to generate an 
electrical potential that is measurable from the scalp.  The synchronized firing of cortical pyramidal 
neurons encompasses the majority of the EEG signal. The sensitivity of EEG means that individual 
action potentials are unlikely to be detectable, rather synchronous firing across a cortical area of 
approximately 6cm2 is required (J.S. Ebersole, 2003). Other non-synaptic activity such as slow 
fluctuation membrane potentials may make minor contributions to scalp recorded EEG signals 
(Olejniczak, 2006). As a result, scalp recorded EEG reflects the interactions of locally synchronized 
groups of cortical neurons, embedded within larger brain networks.  
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Appendix 2: Normal EEG signal 
 
The normal human EEG signal is made up of a number of different physiological rhythms identified 
by their bandwidth frequencies, as shown in Appendix 2. These frequency bands are:  
1. Delta (<3.5 Hz) 
2. Theta (4-7 Hz) 
3. Alpha (8-13 Hz) 
4. Beta (14-30 Hz) 
5. Gamma (>30 Hz) 
In a normal awake adult, alpha and beta frequencies dominate the EEG recording (Markand, 1990). 
Alpha waves are characterised by sinusoidal forms with amplitudes ranging between 10-50 
microvolts. During rest, alpha waves are found over the posterior part of the brain, mainly the 
occipital lobes, parietal and posterior temporal lobes (Niedermeyer, 1997). They become prominent 
when eyes are closed and attenuated during drowsiness and attention. Beta waves are found in 
healthy adults, predominantly over the anterior portion of the brain, particularly the frontal lobes 
and central regions (Mundy-Castle, 1951, Kubicki and Ascona, 1983). Beta wave amplitudes are 
low and seldom exceed 30 microvolts. They are features of wakeful, alertness and attention or deep 
sleep and may be augmented by drugs such as benzodiazepine and barbiturates. Theta and delta 
waves are collectively known as slow waves and are considered abnormal when found in excess in 
awake adults. Theta waves are normal in light sleep, and can be a manifestation of diffuse brain 
disorders such as metabolic encephalopathy or focal cortical or sub-cortical pathology (Takahashi et 
al., 1997). Delta waves tend to be the slowest of all waves but are the highest in amplitude. They are 
abnormal when occurring in awake adults but normal during deep sleep (Hauri and Hawkins, 1973). 
Delta waves can be localized in focal pathologies or diffuse in generalized brain disorders. Gamma 
waves were initially classified as fast betas, but more recently considered as a separate classification 
(Buzsaki, 2006). Gamma waves are detected during somato-sensory tasks such as perception of 
sounds and light.  
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Appendix 2. Normal human EEG waves demonstrating the four different physiological rhythms 
of the brain (Beta, Alpha, Theta and Delta) with their corresponding frequencies. 
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Appendix 3: Example of fronto-temporal slowing 
 
 
Appendix 3. Example of fronto-temporal slowing (arrows), which is a non specific finding 
comprising of delta waves. 
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Appendix 4: Physiological basis of fMRI signal 
Ogawa and colleagues in 1990 were the first to characterise the Blood-Oxygen-Level Dependent or 
BOLD contrast in MRI, where the haemoglobin (Hb) oxygenation state acts as an endogenous 
contrast (Ogawa et al., 1990, Logothetis, 2003). Oxygenated Hb is diamagnetic, which exerts very 
little magnetic effect on the surrounding tissue. When it is deoxygenated, it becomes paramagnetic 
and affects the magnetic tissue susceptibility by reducing T2*. Neural activity causes regional 
increases in cerebral blood flow relative to the local oxygen consumption rate (Harel et al., 2002). 
This causes an increase in localized oxygenated Hb, which increases the tissue T2*, resulting in an 
increase in signal intensity when using gradient echo sequences, including EPI. Signal change is 
therefore dependent on the ratio of deoxygenated and oxygenated haemoglobin, resulting in BOLD 
contrast. Thus, BOLD-fMRI is an indirect measure of neural activity.  
The BOLD response consists of two phases, a signal peak and subsequent decreases characterised 
by undershoot. In some cases a small initial dip may precede the signal peak, and may reflect an 
early increase in oxygen consumption relative to blood supply following neural activity. The signal 
time-to-peak is delayed relative to the underlying neural activity by approximately 6 seconds, and 
takes about 2 seconds to reach maximum. The signal decrease occurs for approximately 12 seconds 
and returns to baseline about 20-25 seconds after local neural activity. This temporal pattern is 
known as the haemodynamic response function (HRF) and its canonical form is often modeled as 
the response to experimental stimuli during fMRI analysis (Appendix 4).  
 
Appendix 4. The haemodynamic response function (HRF). The HRF represents a prediction 
about local T2* signal change in response to a single experimental stimulus. 
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Appendix 5: Physical basis of nuclear magnetic resonance 
MRI signal arises from the response of atomic nuclei to magnetic and electric fields. Because 
hydrogen is the most common atom in the body, the nuclear resonance from hydrogen atoms forms 
the basis of magnetic resonance imaging signals. Hydrogen nuclei contain an odd number of 
protons, and can be thought of as being similar to tiny magnets or dipoles that spin on an axis. In 
normal circumstances the axes of nuclear spins are randomly oriented. When an external magnetic 
field is applied, the spin axes align to be either parallel or anti-parallel to the magnetic field (B0). 
These spin alignments are associated with different energy states, with the lower state associated 
with parallel spins and the higher energy state associated with spins anti-parallel to the main 
magnetic field. The small fractional excess of spins in the lower energy state generates the 
macroscopic tissue magnetization Mz, which varies with B0 strength and tissue temperature. This 
signal is the source of information that underlies MR imaging.  
The tissue magnetization signal Mz is difficult to measure because it is much smaller than the 
external magnetic field B0, and is aligned with the B0 field.  However, by changing the alignment of 
Mz relative to B0, it is possible to make measurements. This is achieved by applying a 
radiofrequency (RF) pulse to the magnetized tissue. Applying an RF pulse tilts the spin axis 
perpendicular to the main B0 field (Buxton, 2009). Once the effect of RF pulse disappears, M 
returns gradually to equilibrium (referred to as relaxation), in a way, which can be measured via 
MRI receivers. Dedicated head coils are often used as receivers for MRI of the brain. Mz relaxation 
constitutes two mechanisms, longitudinal or spin-lattice relaxation and transverse or spin-spin 
relaxation. Spin-lattice relaxation involve releasing energy from excited protons to the surrounding 
environment resulting in an exponential recovery of Mz with a time constant T1 (Westbrook, 2005). 
Spin-spin relaxation reflects the interaction between spins, causing dephasing of transverse 
magentisation, which results in an exponential decay of coherent signal with a time constant, T2. 
Field inhomogeneity, including that due to different magnetic susceptibility of different tissues 
results in further loss of phase coherence, expressed with an exponential decay time constant T2*, 
which is shorter than T2. This process forms the basis of BOLD fMRI signal, as the oxygenation 
saturation of the blood haemoglobin affects the T2* (Belliveau et al., 1991). 
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Appendix 6: Echo Planar Imaging 
Most functional MR imaging is based of echo planar imaging (EPI) sequences that use gradient 
echo (GE) sequences (Poser et al., 2006). As described above, an RF pulse tilts the spin axis of Mz, 
where the coherence in the transverse plan is reduced as dephasing occurs. GE sequences invert the 
gradient so that. The nuclear spins that were dephased by the spatial encoding gradients begin to 
rephase and produce a gradient echo signal. Inhomogeneities within the static magnetic field, 
including those due to susceptibility, are not refocused and the resulting signal is T2*-weighted.. 
This effect forms the basis of BOLD fMRI signal, discussed in the next section. 
 
 
 
